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500 tons of TNT were detonated on the surface

of the earth at the Suffield Experimental Station,
Ralston, Alberta, Canada, on the 17th of July, 1964.
This was the largest non-nuclear unconfined ex-
plosion yet to be detonated.

DEAR READER:

The Good Books say that TNT finally burns to transparent gasses and water vapor.

C706HsN; +4L 02 — 1%N2 +7C0, + 21,0

But as so often happens, ‘It ain’t necessarily so".

THE AUTHOR
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INTRODUCTION TO A UNIFIED THEORY OF EXPLOSIONS (UTE)

Prepared by:

F. B. Porzel
ABSTRACT: The unified theory of explosions offers simple methods
for analyses of blast and absolute hydrodynamic yield of explosions
in general and similar energy releases. The concepts and techniques
apply at any shock strength, in virtually any medium and ambient
conditions, and are adaptable to a gamut of burst geometries and
warhead configurations. The methods are conveniently summarized by
two separate BASIC machine programs, with complete instructions for
prediction and evaluation of explosions 1n air; machine time and
research effort are many times more cost effective than with
present machine or hand calculations. The methods are illustrated
wlth nuclear and TNT data. Present results indicate that the concepts
and techniques are probably valid within a few percent for measuring
yleld, predicting peak pressure and distance; results are well
within the natural variations of blast effects and well-sulted to

diagnose non-ideal explosions.

AIR/GROUND EXPLOSIONS DIVISION
EXPLOSIONS RESEARCH DEPARTMENT
NAVAL ORDNANCE LABORATORY
SILVER SPRING, MARYLAND 20910




NOLTR 72-209 14 September 1972

Introduction to a Unified Theory of Explosions (UTE)

This report presents a comprehensive theory of explosions capable

of describing many kinds of explosions ranging from spark discharges
to cosmic events. Here, however, the emphasis is on explosions in
alr originating from chemical high explosives and nuclear devices;
the primary effect observed 1s blast.

The Unified Theory of Explosions (UTE) is, as any theory should be,
"a'closely reasoned set of propositions, derived from and supported
by established evidence and intended to serve as an explanation for
a group of phenomena". As such, the UTE 1s Intended to serve also

as a prediction method for the blast performance of new exploslves

and warheads and as a diagnostic tool for describing the explosion

behavior of current explosives and warheads.

Like many a new theory introduced into an old and established field,
some of newmethodologies and conclusions of the UTE are in disagree-
ment with current practices and findings. The author presents his
arguments and rationale for the differences. Certainly, there willl be
little disagreement about the significance of the many parameters
identified and treated as belng common to all explosions; the identi-
fication of these parameters certalnly is a large step forward in the
explosion's field. The utilization of UTE for prediction and dlagnos-
tic purposes, it is hoped, will be an even larger step.

Support for this work was provided under many tasks over a period of
about three years. NAVORDSYSCOM (ORD 0332) provided the initial
funding; subsequent support céame from DNA (SPLN now SPSS) and the
Long Range Explosives Program directed by Picatinny Arsenal.

ROBERT WILLIAMSON II
Captain, USN
Commander

C./J. ARONSON
By direction

ii




NOLTR 72-209

CONTENTS
Page
INTRODUCTION . v v ¢« ¢« ¢ o o o s o o o s o o o o o o o » viii
1. Assumptions and ConceptsS . . . ¢ o ¢ o o o o o o o o o 1
1.1 Foreword . . . 1
1.2 Methods in the Unifled Theory of Explosions, UTE ., 6
1.3 Prompt Blast ENerg¥, PBE ., v 2 ¢ ¢ o o o o o o o o 9
1.4 Hydrodynamic Yield, HY ., B fe TE 13
1.5 Form Factor F and Generalized Scaling P 17
106 QZQ HyPOtheSis e o e o o o o oo 23
l.g Generalized Modes of Energy Transport . . . . . . 27
1.8 The Mass Effect, MEZ ., . . & v o o o o o o o o o o 28
1.9 Average Specific Heat . . . e B o 5 o o 33
1.10 Transition Pressure Between Strong and Weak Shocks 36
1.11 Natural Units (NU) and Generalized Equation of

State, GES . e e e e e e e e e 38

1.12 Generalized Divergence, GDV . . . . . . . . . .. 42
1'13 Applications [ o o o * o o o o o o o o o o o . o o 4u
2. Direct Evaluation of Blast Energy, DEB ., . . o+ o« o o o 50
2.1 Foreword . . e A6 o 50
2.2 Concept for Direct Evaluation of Blast Yield, DEB 51
2,3 DEBS506 BASIC Program . o« o o o o o o o o o o o o 57
2,4 Input Data. . ., . s OB . % &% Au N, 59
2.5 TInput Parameters and Options . » » o o o o o o o 60
2.6 Data Modification and Transformations . . . + » . 65
2,7 Waste Heat Calculations . o« ¢ o o o o o o o o o o 68
2.8 Integration of Waste Heat . ¢ o o ¢ ¢ o o o o o o 75
2.9 Estimates for Total Yield . . ¢ ¢ ¢ ¢ ¢ ¢ o ¢ ¢ o 80
2,10 Printout and D1agnoStic8 « ¢ ¢ ¢ o ¢ ¢ ¢ ¢ o o o 83
3. Hand Calculation for Prediction and Direct Scaling. . . 89
3.1 Forewor.d PY PY [ ) L] [ ] ) [ ) [ ] [ ] [ ) 89
3.2 QzQ Method for Predicting Pressure Distance . . . ol
3.3 Calculating Waste Heat o« « o o o ¢ o ¢ o o ¢ o o & 93
3.4 Fix the Critical RaAIUS, , . . ¥ v o o o o o o o o 96
3.5 DireCt scalirg L] [ ] [ ] ) [ ] * * ) [ ) [ ) [ ) [ ] [ ) [ ] * [ ] [ ] * 100
B, Direct Scaling of Blast Energy, DSC ¢« o ¢ o ¢ o o ¢ o o 105
4,1 PForeword ., . 105
4,2 Concept for Prediction and Direct Scaling of Blasts 106
4.3 T}le DSCSO6 BASIC Program [ ) ) [ ) [ ] [ ] L[] ] ] [ [ ] [ ] L] 111
4,4 Input Data and Transformations . . . o« o o o o o o 115
4,5 Input Parameters and Options . « ¢ o o o o o o o o 122

iii

]



NOLTR 72-209

CONTENTS (Cont'd)

Page
4.6Inputoptionsoooaooooooooooooooo ]30
4,7 Subroutines . . . o o o 136
4,8 Measured Data, Theoretical Curve, and Scaling o« o o 141
493ma1'y0fY181d.....oo.......... ]45
5. Results and SWMATY &« & ¢ o o o o o o o o o 6 o o o o o 154
5.1 Foreword . . . o o o 154
- 5,2 Direct Evaluation of Nuclear COmposite Data e o o o 157
5.3 Direct Evaluation of TNT PO . o e o o o o 170
5.4 Direct Scaling, Nuclear Composite Data o o o o o o 176
5.5 DirectScalingforTNT ¢ o o o o o o o6 o6 o o o & oo 185
5 Slmunar'yofReSUItS ¢ o o o o o o o o o o o o o o 0 189
6. Discussion [ ) [ [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] 1%
6.1 Yield ofm [ ] [ ) [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] 192
6.2 Absolute Energy vs Equivalent Weight c u R F, ., 201
6.3 Flat Pressure-Distance Curve Close-INn . . . o« o o o 205
6.4 Acoustic Decay, . . e o o o o6 o o o o o o o 207
6.5 Are the oscillations Real? e o o o 6 6 6 o o o o e 210
Alphmumeric References o o 6 @ o o 0 o6 o o6 e o o o6 & o o @ 222
APPENDIX A--BASIC Machine Language: Conventions and Purposes A-1
APPENDIX -QVP--Waste Héat Calculations for Ideal Gases and
RealAiroooooooooooooooo-oooo QVP"]-
JLLUSTRATIONS
Figure Title
1.3=1 Prompt Blast Energy and Waste Heat . . ¢« ¢ ¢ ¢ ¢ o 12
2.2-1 DEB Concept: Direct Evaluation of Blast . . 56
3-1 Peak Pressure-Distance Prediction, QZd = Constant Method 104
4,2«1 Comparison of Weighing Data iIn DEB and DSC . . « . & 110
5.2=1 Test of QZQ and MEZ Hypotheses . . o ¢ ¢ « ¢ o o o 168
5.2=2 q = DIN Q/DIN Z versus Overpressure. ., . 169
5.80=1 Comparison of UTE Predictions with Nuclear and TNT Data 183
5.4-2 Comparison of Nuclear and TNT Measured Yields with
Unified Blast Theory . . . . e o o o o o« o o 184
6.1-1 Effect of Case Mass on Heat of Detonation in Large
Chambers in Inert Gas. . . « s & 200
6.,5=1 Possible Distortion Due to Classical Assumption s & 219
6.5-2 Possible Distortion Due to Failure to Recognize CUSP
at TranSition PIBSSure e o o6 6 e o6 o o o o o o o o o 219

iv




Figure
6.5-3
6.5-4
6.5-5

NOLTR 72-209

ILLUSTRATIONS (Cont'd)
Title

Bow Effect: An Oscillation Due to Perturbed Early
History o o .

A Suggested Relation Between the Delay of Transition
and Amplitude of Oscillations, . . . o o
Results of DSC Analysis on Two Nuclear Explosions. .

TABLES
Title

Concepts for Unified Theory of Explosions ., . .
Modes of Energy Transport and Method of Describing
Them in the Unified Theory of Explosions ., . . . .
LIST DEBS506 .+ « « & . .
Direct Evaluation of Blast Energy, Unified Theory
for Blast . . e o o o o o o o o o o o o
Nomenclature for DEB506 5 3 0

Hand Calculation for Prediction and Direct Scaling
Yield and Distance Relations in the Unified Theory
of Exp10810ns e o o o e o o o o .
LIST FOR DSCSOG L ] [ ] L ] L ] L ] [ ) L L ] L[] L ] L ]
PRINTOUT FOR DSC506 « o o o o & .
Nomenclature for DSC506 . . e o o o
Input Instructions DEBS06, Nuclear Data
Direct Evaluation of Blast Energy, Unified Theory for
Blast . . . & . o o o o o .
Direct Evaluation of Blast nergy, Unified Theory for
Blast . & e o o o o o o
DEB506, Nuclear Data with Modified Q at High Pressure
Input Instructions DEB506, TNT Data. . « .

Direct Evaluation of Blast Energy, Unified Theory for
Blast L L L [ ] L ] L [ ) [ ) L ) [ ) [ )
Input Instructions, DSCSOG Nuclear Data . B

Direct Scaling with Unified Theory for Shock Growth
Direct Scaling with Unified Theory for Shock Growth
Input Instructions, DSC506, TNT Data . . .

Direct Scaling with Unifiled Theory for Shock Growth

L L] L] - L

Is the Oscillation Real? . . o o
Waste Heat for Idedl Gases, Q * DO/PO Acoustic
Approximation . , . . B .
Waste Heat for Ideal Gases, * DO/PO, Acoustic
Approximation ., . o« o
Waste Heat for Ideal Gases, o * DO/PO Acoustic
Approximation . . . o o

Waste Heat for Ideal Gases, Q * DO/PO, Standard
Adiabat L] o o L ] o o ] ] [ ) L] [ ) [ ) [ ) [ ) [ ) L ] o

\'%

Page

220

220
221

L6
48

87
88
102
121
148
151
152
164
165
166
167
175

175
180
181
182
188
188
218

QVP-5
QUP-6
QVP-7
QVP-8




Table
QVP-5
QVP-6
QVP-7
QVP-8
QVP-9

QVP-10
QVP-11
QVP-12
QVP-13
QVP-14
QVP-15
QVP-16
QVP-17

NOLTR 72-209

TABLES (Cont'd)
Title

Waste Heat for Ideal Gases, Q * DO/PO, Standard
Ad 1abat ) ) [ ) .
wWaste Heat for Ideal Gases,
Adiabat . . . . . ¢ o o o
Waste Heat for Ideal Gases,
Adiabat . . . . . . .
Waste Heat for Ideal Gases
Adlabat ., ., . o o
Waste Heat for Ideal Gases, Q

. ﬁo/Pé, Standard
# ﬁo}Pé, Standard

D Do

DO/PO, Standard

O e

DO/PO, Standard
Adiabat , . . .
Waste Heat Q for Real Air

Waste Heat Q for Real Air .

Waste Heat Q for Real Air
Waste Hemt Q for Real Air
Waste Heat Q for Real Air .,
Waste Heat for Real Air .
LIST, QVP506, For Waste Heat o
Nomenclature for QVP506 ., .

a

18

[ 4
*
.
»*
.
.
.
.
.
.
.
f
.

e & & o o & o o o
® & @& ¢ & o o o
® & o o o o ¢ o o
¢ & o & ¢ o o o
® @& & o & ¢ o o o

e Qe o o o o o

vi

Page

QVP-9

QVP-10
QVP-11
QVP-12

QVP-13
QVP-14
QVP-15
QVP-16
QVP-17
QvP-18
QVP-19
QVP-20
QVP-22




NOLTR 72-209

PREFACE

Explosion evaluation has traditionally been highly empirical.
A vigorous spurt of theoretical work during World War II led notably
to the scaling laws and some strong shock theory for chemical
explosions including that of Kirkwood-Brinkley. Although these
efforts were significant advances at the time, they are too primitive
for engineering design or to advance the current state-of-the-art.
Some advances in theory were made since, but such calculations
contain arbitrary adjustable parameters and smoothing techniques
such as smearing the shock front, and most current theory omits such
significant phenomena as afterburning, mass effect, radial mixing,
non-ideal thermodynamics, and a host of surface effects which affect
the measurements. Meanwhile, prodigious parallel study of these
phenomena on nuclear explosions has been made and awaits application
to high explosives.

Unified Theory of Explosions (UTE) is an organized system of
about two dozen c¢oncepts, models, and techniques. About half of
these originated in pioneer nuclear explosions, for prediction of
effects, testing and evaluation of results, and, out of the necessity
for removing the inadequacies of classical -shock theory as they were
already recognized at the time.

"Hydrodynamic yield" analysis was routinely used as a primary
diagnostic measurement on nuclear test operations, in parallel with
the radio-chemical yield. The yields on the first thermonuclear
explosion, first deep underwater explosion, and the first contained
underground explosion were all determined by what 1is now UTE. As
a group leader in the test division at the Los Alamos Scientific
Laboratory until 1954, the present author was a Director for Blast
Programs on these and other operations, a rare and great opportunity
which provided many insights which make UTE possible now.

Many of the other 1deas were later developed while he was the
Senior Scientific Advisor at the then Armour Research Foundation,
Illinois Institute of Technology, where much of the work was sponsored
by the Defense Nuclear Agency and later work was done at the
Institute for Defense Analyses.

About three years ago, the author joined the Naval Ordnance
Laboratory. Since then, this early work on nuclear explosions was
brought to fruition and applied to high explosives as a principal
effort of the author.

. . )
'-Zé-ﬂ."ric{(/a/ "5 4 é‘ﬂj‘/‘n"f’é—

FRANCIS B. PORZEL
Naval Ordnance Laboratory
20 August 1971
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INTRODUCTION

Review of Explosion Models and Terminology

_ "An explosion," says reference ENW, "in general, results from a
very rapid release of energy within a limited space." This 1is true
regardless of the source of energy: nuclear reaction, conventional
high explosive like TNT, detonating gas, absorption of a spurt of
light, of x-rays or of other radiation, lightning, electric spark,

" exploding electric wire, shove of a piston, impact of colliding bodies,
rupture of a pressurized tank, or implosion of a paper bag. In each
case, nature solves the problem of relieving the stress nowadays in
the same way the ancients defined the explosion as "the action of
driving out, or issuing forth with violence and noise."

As 1s well known nowadays, the rapid expansion initiates a
shock wave in the surrounding medium -- air, water, or earth. The
'~ front of the wave soon develops into.a virtually discontinuous rise
in.pressure, density and material velocity, with a gradual decrease,
or oscillations in the same quantities behind the shock front. We
will usually refer to the discontinuous rise at the front as the shock
and will refef to the longer decrease as the blast wave.

The pressure at the front is as much an effect as it is a
cause. True, the discontinuous rise of pressure at the front may be
thought as locally causing the instantaneous rise in material velocity.
But by and large, it is the inertial motion iﬁ fhe wholé interior of
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the blast wave which drives the shock ahead. There would be no
shock at the front without the outward motion of matefial on the
interior of the wave. Where Lucretius saw only "atoms and the void",
he might now say "in reality there 1s nothing but the momentum of
particles in empty space." The distinction between pressure and
material velocity is 1tself mostly an artifice of the human imagination.
The purely random directions of momentum constltute pressure; the
directionalized parts of momentum constitute the material velocity.
Going back to our definition, the explosion is the surge of outward
momentum which relieves the energy within the 1initially limited space
in the only direction 1t can usually do so -- outward toward lower
pressures.

Soon after the energy release, the propagation of the shock will
of course differ according to:

1. How much energy 1s released?

Within how much space and what shape?

3. In what medium is the space and what medium surrounds it?

4, How rapidly is it released?

The classical assumptions made to answer these question are thus;

Taken together, (1) and (2) above imply that explosions scale, 1i.e.,
w3

are similar, whenever their energy/ volume ratio, Y/R~, is the same,

hence Yl/3 scaling. The shape 1s assumed spherical ~- it provides the
largest volume and least average pressure for a given shock area. In
the first approximation, the medium is assumed uniform and the
energy 1is released instantaneously.

This 1s typically the strong shock domain. It seems certain

that however the explosion starts, nature will drive as rapidly as

ix
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possible to whatever pattern of pressure and motion in the blast

wave will relieve the stress most quickly. Thus a similarity in all
explosions arises; we already noted a pattern: the peak

pressure 1s at the front and a decrease in pressure follows it. There
are special reasonswhy this happens instead of a slow rise in pressure.
It is a goal of UTE to find a simple set of reasons and parameters
which describe the wave as it approaches similarity, whatever the
initial release of energy was like.

Withiﬂ these assumptions, the simplest model of an explosion as
described by von Neumann (see LA 2000) is to treat "the original,
central, high pressure area as a point. Clearly, the blast coming
from a point, or rather from a negligible volume, can have appreciable
effects in the outside atmosphere only if the original pressure is
very high. One will expect that, as the_original high pressufe
sphere shrinks to a point, the original pressure will have to rise to
infinity. It is easy to see, indeed, how these two are connected.

One will want the energy of the original high pressure area to have

a fixed value YO’ and as the original volume containing Yojshrinks to
zero, the pressure in it will have to rise to infinity. It 1s clear
that of all known phenomena nuclear explosions come nearest to |
realizing these conditions.”

The development of the atomic bomb during World War II perforce
included vigorous theoretical efforts to predict its blast, which
was recognized as the principal military effect. The essential
simplification permitted by the point-source model is the so-called
"similarity property" of the solution. Among the theories developed

on that basis were the point-source solution of J. von Neumann
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(LA 2000), the "small gamma ¥ -1" theory of H. Bethe (LA 2000) and
the classical solution of G. I. Taylor (reference Taylor). All
these theories described the blast during fireball growth before
breakaway, when the shock pressures are high, characteristically
above 100 bars, where the density ratio across the shock is presumed
to be constant and thus relatively simple solutions become possible.
Although these theories were never put to extensive practical use,
they did provide much of our present insight about the behavior of
strong shocks. Each of these solutions idealized the explosion in
such a way that the shock raduis R grows with time t according to

R~ to'u, or what is the same thing under these classical assumptions,

the pressure P behaves as P ~ R™3.,

Fireball measurements on the first nuclear explosion in New
Mexico in 1945 seemed at first to verify the simple similarity -
solutions (reference Taylor). But by 1950, it was already clear that
the similarity relations were inadequate to describe nuclear explosions
well enough for diagnostic purposes. The principal reasons for this
failure of similarity were summarized in LA 1664 as radiative
transport, mass effect, and non-ideal equation of state.

Radiative transport refers to the fact that for temperatures in
air above 300,000° C, the fireball grows by transport of radiant
energy -- random walk of photons -- faster than it can grow by
hydrodynamic transport of energized molecules. Under these conditions,
the fireball grows very rapidly,near the speed of light, at first,

but slows rapidly so that the radlus grows in time like R n t0'09

0.4

instead of R ~v t Below 300,000° C or a shock pressure of 80,000 bars

shock transport is faster than radiative transport. The fireball
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does grow as a strong shock, but the early history of radiative
growth causes the shock radius to be larger than one would expect
by purely hydrodynamic growth. Radlative transport probably
predominates on the interior of any strong shock, owing to the higher
temperature and lower density near the center than at the front. As
a result of radiative transport, the pressure, temperature, and
denslty are more uniform in the blast wave than pure hydrodynamics
would predict. We refer to this uniformlity as an isothermal sphere.
Mass effect (LA 1664) pointed up the physical fact that close
enough to any real explosion, including nuclear, the material in the
blast wave 1s obviously not air, as 1s presupposed in the similarity

solutions. It 1s mostly bomb debris, vaporized tower or warhead parts,

material which characteristically weighs thousands of times as much
as a comparable volume of uniform alr. As a consequence, the early
pressures and temperatures are drastically reduced from what a poilnt
source model Qou1d~predict. But the momentum of the debris means a
heavier "piston" drives the shock and sustalns the peak pressure.
Eventually, as more and more air is engulfed by the shock, the mass of
debris becomes negligible compared with the air engulfed. The point
source assumption becomes inecreasingly accurate, and the shock reaches
the pressures predicted by similarity. (As we shall see, the pressure-
distance curves even cross, the "massive" bomb being more efficlent.)
As a result the pressure-distaﬁce curve 1s initially much flatter,
for a massive bomb; it turns down near the point where the air and
bomb mass become equal.

Non-1deal equation of state refers to the fact that above 10 bars

or so (150 psl) air does not behave like an ideal gas. The behavior
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was treated in LA 1664 by a "variable gamma" equation of state;

it was these varlations with pressures, which negated the ideal gas
similarity. But different similarities were possible. Also, as a
consequence of real gas effects, hydrodynamic energy 1is used up and
stored at different rates than ideal air.

The analytic solution methods (ANS) described in LA 1664 are an
intrinsic part of UTE and were developed to circumvent these faillures
of simlilarity scaling. A real equation of state and a bomb mass were
included in the blast parameters. No assumptions were made to predict
the R vs t curve; rather, radius-time data from fireball measurements
were Input to the solution and used to deduce the interior wave and
thus evaluate the yield.

A conventional chemical explosion, such as the TNT explosion on
the frontispiece, clearly requires a much more complex model than a
nuclear explosion. A nuclear fireball is often a nearly perfect sphere
at comparably late times. Yet, many of the non-ideal properties of
TNT are encompassed in the perturbations already found for nuclear
explosions, especially mass effect. The difference is drastic, but
more a difference in degree than a new type of explosion.

Consider the mass effect. If a small A-bomb, 1KT, were actually
high explosive, it would obviously weigh (close to) 1000 tons; the ,
real device 1s obviously transportable by alrcraft or can be shot
from a cannon. If we fired a 1lKT nuclear device, surrounded with 1000
tons of inert material, a sphere of rock-1like material 17 feet in
radius, the resulting explosion would resemble the frontispiece, jets
and all. To a first approximation, mass and energy are the controlling

parameters here. At least, this is a hypothesls to be tested 1n the
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present paper by comparing nuclear and TNT curves.

There are qualitative differences between the mass effect on
HE and nuclear. In nuclear bombs the initial temperatures are so
high that all debris is gaseous, at least until a late stage where
it condenses to smoke. On HE, much of the debris is particulate,
smoke and particles evident in the frontispiece. These effects will
be discussed later and the differences characterized by parameters for
mass and average specific heat.

The equation of state of air is a lesser problem on HE than for
nuclear explosions because the initilal pressures from HE are lower and
in a domain where the 1deal gas law does not fail severely. Yet,
the non-ideal equation of state of air, which 1s caused by numerous
exothermic and endothermic phase and chemical changes is paralleled
by unidynamic analogs in afterburning and waste heat respectively.

By afterburning we refer to the fact that the release of energy
may not be instantaneous. It 1is energy that 1s released late by
chemical or phase changes; it is due to potential energy which is not
initially manifest as pressure. Afterburning may arise, as the name
.suggests, from unburned fuel in oxygen-deficlient explosives which can
burn only after the debrls has mixed with air. (éome fuel seems to be
burning in the frontispiece, but much material, which should have
burned by this late stage, obviously did not burn.) Afterburning is
also possible from reactions which occur too slowly to be part of
detonation, or reactions which are possible only at reduced pressures
or temperatures. They are paralleled in the nuclear case, although
there on an insignificant scale energy-wise, by burning of tower or

other equipment originally vaporized by the bomb.
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By waste heat we refer to energy which, by one process or
another, propagates too slowly or remains as residual heat in the
debris on the interior, and 1is thereby lost to the shock. There 1s a
parallel between the reslidual heat of bomb debris and the late
incandescent fireball of a nuclear explosion. The bookkeeping of
energy into two fractions, prompt energy and waste heat, is a
central feature of the unified theory of explosions. By generalized
waste heat we will mean any process which removes energy from the
shock, analagous to the normal partition but in addition to the
"shock dissipation”.

Radiative transport has no direct counterpart on high explosives,
unless we think of the jets as precursors carrying energy ahead of the
shock. But there are different remarkable coincidences: The radius of
the fireball at the end of the radiative phase scales closely to the
charge radius of most high explosives. As we shall see, the long
range blast from 1 kiloton nuclear occurs on a distance scale almost
100 times that from 1 pound of TNT. It also happens that the charge
radius for the HE is 4 cm, and the isothermal sphere radius is about
4.2 meters. The waste heat in the nuclear case is uniform because
it is an isothermal sphere at this stage; in HE it is uniform because
the detonation wave presumably left all the material in the same state.
Thus if we count the hydrodynamic yield as only that energy actually
delivered to air, we can count the energy in one case to the charge
radius, and in the other, to the isothermal sphere. The waste heat of
material within these distances 1s not counted as part.of the

hydrodynamic yield but can be estimated assuming uniformity.

4
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Cased, high-explosive weapons represent another degree of
complexity. Yet, as we shall see, the mechanisms already discussed,
mass effect, afterburning, and waste heat, readily accommodate to the
energy transfer for very fine to massive fragments to air. To a first
approximation, the addition of case mass in any form is only a modest
change compared with the drastic change already made in going from'a
point-source to a chemical explosion. If nuclear and bare HE can be
correlated by the mass effect, the case mass becomes a trivial
extension. We can treat a cased weapon much llke a bare
charge of the same energy release but with increased mass.

By a weak shock we refer to late times when the shock front 1is
so far removed from the explosion center that the source no longer
matters. Virtually, by definition, all explosions then become similar
including cased weapons. There is a stronger physical reason than
sheer distance or the fact that the total mass of case and debris
becomes small comparéd with the mass of air engulfed. When the shock
reaches an overpressure of about 2 bars or 30 psi, a negative phase
first develops in the wave where the pressure and sound velocity are
both below ambient, and the material velocity may be reversed from the
shock. This means that hydrodynamic signals from the interior can no
longer overtake the shock front. The blast wave then must "coast"
on whatever momentum it already possesses. Of course, if strong energy
signals are still coming from within the wave interior, even though
the shock pressure is only 2 bars, the negative phase will not develop
so soon, the shot will still be "strong" on that basis, and the peak
pressure will not decay as fast as scaling would indicate. Sooner or
later a negati&e phase will develop, the shock will become "weak" by

definition and ought to become similar to all other "weak shocks".
xvi '
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When the author joined the Los Alamos Scientific Laboratory
nearly a quarter century ago, it was a lively controversial question:
"Do nuclear explosions scale with HE?". As it turned out within a
few years, both sides were right. Explosions do scale at late times
over enormous ranges of energy release, 1019 times from spark gaps to
H-bombs. But this applies only if their very different early '"non-
scalable" history is taken into account. In general then, we can
expect failures in scaling during the strong shock phase, when the
shock front 1s in communication with the interior. We expect similari-
ties during the weak shock phase when the shock is isolated from the
interior.

Beyond that, when and how close similarity is approached, we

cannot say wlthout more precise conceptual and calculational tools.
Lord Kelvin's remark is most apt! "When we cannot measure, our
knowledge is meagre and unsatisfactory". The point in UTE is to
provide a means of measurement, for just such a richer and better

understanding of explosions.

xvii




1. Assumptions and Concepts
1.1 Foreword

The unified theory of explosions offers simple concepts and
methods for hydrodynamic yield (free field blast energy) and blast
analyses for explosions in general and for similar energy releases.
They apply at any shock strength, in virtually any medium and ambient
conditions, and are adaptable to a gamut of burst geometries and war-
head configurations.

In Chapter l, we amplify the above portion of the abstract
phrase by phrase. Each such phrase most typically applies to a specific
concept or assumption, which is identified by a section heading and an
acronym for short. In the present "introduction" paper the exposition
1s not complete, but can only be a brief summary for what will require
a separate paper later for each topic. Table 1-1 shows the scope of
these concepts and how they fit into the UTE,

The main goal of this paper is to describe two machiline pro-
grams, one described in Chapter 2 for direct evaluation of blast energy
(6r hydrodynamic yield) and the other in Chapters 3 and 4 on direct
scaling of blast energy. In this chapter, we seek only to give enough
information to help the reader use the machine programs, without the
deluge of reasons why one particular approach was chosen over all the
other ﬁossible cholces which were considered. Analyses for a typical
nuclear and a TNT explosion serve as illustrative examples and are
given 1n Chapter 5. Results are summarized in Chapter 5, The more
controversial results are discussed in Chapter 6.

The remainder of the Section 1.1 concerns some ldeas under-
lying this unified approach to explosions.

1
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| Explosions are of broad interest and often beyond the scope

of much classical physics because they involve processes which are:

discontinuous, as at the shock and fireball fronts,

non-conservative and 1rreversible,

highly non-linear,

not steady-state but violently tlme-dependent,

initlally asymmetrical,

propagated 1n mixtures in complex and non-uniform media

most significantly, their boundaries are free.

The last means that the shock front conditions are not given as 2
priari conditlomsbut are virtually the solution beilng sought in the
"shock problem,"

Explosions begin as a random smear of suddenly released
energy and, as if contrary to "maximum disorder" interpretations of
the second Law of Thermodynamics, répidly drive instead toward é
highly organized structure of motion and stress. They are highly re-
producible too; 1n his experience the author finds the main features
t0 scale over a range of 1019 Eimes in energy and about 1030 times in
energy density, covering as broad a range as any law in physics.

Yet, the above list of explosion characterlstlcs denles
virtually all the prerequlsites usually assumed in modeling physical
phenomena: static, continuous, conservative, reversible, linear, etc.
'It is to be expected then that many of our classical concepts, which
were quite adequate for those processes, will be found 1nadequate‘for

the dynamlc phenomena attending real explosions.



This chapter proposes models, assumptions, and concepts, shown
in Table 1-1, which so far do appear adequate for blast. These 1ldeas
are themselves part of an even broader study of exploslions and dynamilc
processes. Since the 19th century physics has already usurped the
word "thermodynamics" for what should have been called "thermostatics,"
the word "unidynamics" 1s perhaps suitable for the collective body of
those 1deas which follow: not aerodynamies, hydrodynamics, or geo-
dynamics, but the dynamics of stuff in general.

Unidynamics combines two common sense goals: simplieity, and
generalizatibn.

William of Occam stated the goal best: "essentlia non sunt
multiplicanda praeter necessitatem." I take this to mean literally
"essentials should not be multiplied prior to necessity." There 1is
small practlcal polnt in theory that 1s more exact than the natural
variations 1in the effects it descriﬁes, 1s more complicated than the
user can "do for himself" or contains more input parameters than he
can afford in money and research effort. Exact solutions often betray
what 1s really the physical nalvete of the model, whatever the virtu-
oslty of the performance on an unreal problem.

The second part of the goal, generallzatlon, embodles an i1dea
of "unidynamic analogs." While Nature is infinitely diverse, our
finite brains can tolerate only a handful of differentlal equations
which govern theilr behavior. Nature 1s seldom s8¢0 unkind as that a
phenomenon depends upon a dozen equally important causes; only a
few most important ones usually control 1t. Every phenomenon 1is
describable by a characterlstic form of equation or solution. If any

two phenomena happen to have the same basic differential equation or

3
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other characteristic behavior, to that extent they can be described by
the same mathematical solution, however else they may differ in out-
ward form or in minor details. We then say they are '"unidynamiec
analogs."

Now, to disregard the similarity that exists among
many such analogs, out of 11p-service.to the rigors of Specilalized
Scientific Seriptures, 1s like saying Newton's law of gravity 1s per-
force wrong because "you cannot mix apples and planets." Worse than
that, we throw away useful information and waste money and effort on
duplicative research effort if we do not recognize that what we see
happen in one phenomenon because it follows as a consequence of the
mathematical model, must necessarily follow in all the unidynamic ana-
logs as a consequence of the same mathematlics. We bdlock, instead of
stimulating, cross-fertilization of ideas.

Most of the time we do not seek perfect answers; all we care
about is whether some perturbation makes the effect we see go up, go
down, or wiggle a little., Table 1-2, discussed later in Section 1.7,
is a specific example listing about 30 such perturbations. All but
the first two--adiabatic work and kinetic energy--have uéually been
ignored heretofore in blast theory. Yet most of them are unidynamic
analogs which can be deseribed in the unified blast theory by varying
a single parameter q.

In summary, the underlying goal in unidynamices and in the
unified blast theory is n&t a precise solution, but to find a simple
adequate way of finding and describing whicb variables most strongly

control all explosions, To ask "which one 1s right?" is a misleading

question. They all apply one way or another, but the differences
u
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among many of them are too lnconsequential to make a practical dif-

ference or to resolve by experiment.
To see first where the theory leads, some end-product

methods are briefly noted in Section 1.2, which follows. The ideas

which underlie the methods are then summarized in Sections 1.3 to 1.13.
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1.2 Methods in the Unified Theory of Explosions, UTE

"Simple methods"in the abstract refers specifically to five
techniques; they are end results of UTE.

1. Direct evaluation of Blast Energy, DEB

2. Direct scaling for Blast Energy, DSC

3. Analytic Solution, ANS

4. GR* eriterion for yield, GrY

5. Miniequation, MEQ

The first two methods, DEB and DSC, have been firmed into do-
it-yourself BASIC machine programs descfibed in Chapters 2 through 4.
These programs require a knowledge only‘of algebra and about ten simple
specialized English words and insure that the exposition is complete.
(See Appendix "BASIC.") Raw pressure-distance data or other measures
of shock strength are input. Input parameters for DEB and DSC include
the ambient pressure, density, adiabatic compressibility exponent of
the medium, the initial or charge radius and the total welght of the
explosive and surrounds., Options for varying other parameters such
as specific heat of explosive, initial pressure;, etc., are provided
but the values are estimated automatically if not explicifly specified -
by the user. The output for both DEB and DSC is an annotated table
analyzing the data and calculating the energy release. DEB makes maxi-
mum use of data and evaluates them with a minimum of theory. DSC makes
maximum use of theory, predicts a theoretical pressure curve for shock
growth for a trial yield, and then compares the measured with pre-

dicted results.
The Analytic Solution ANS is the oldest of the UTE methods

and 1s already well documented in the literature (see LA 1664, ARF
D125, DASA 1285 (1)), A1AA, 8, Noo .
6
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The absolute energy and wave forms for a blast wave were de-
rived from a given time-of-arrival curve, The method: assume a physi-
cally plausible wave form for density p(r/R) as a function of distance
r at a fixed time when the shock 1s at distance R; use conservation of
mass to deduce the corresponding material velocity wave form u(r); use
conservation of momentum to deduce the pressure gradient 3P/3r and
then obtain P(r) by integration. Shock front conditions are used to
fix constants of integration and other parameters., Knowing p(r), u(r),
P(r) the hydrodynamic energy of radius R is given directly by integrat-
ing over the shoc¢k volume,

The analytic solution was routinely used to determine the
hydrodynamic yleld on nuclear tests and for ploneering the close-in
phenomena on the first thermonuclear explosion, IVY Mike (WT 9001);
on the first deep underwater explosion, WIGWAM, (WT 1034); and on the
first contained wrderground explosion RAINIER, (WT 1495). A major ad-
vance 1s made by the present theory because the DEB and DSC methods
now provide a reliable boundary condition for any input condition from
theory instead of requiring actual shock measurements for each explo-
sion, as then required. Also, whereas these early analytic solutions
were for interior wave forms and naturally restricted to strong shocks
because of thelr goal--to obtaln the hydrodynamic yleld of a nuclear
explosion--the recent work under the present NOL study applies to all
shock strengths at the front and shows highly frultful extensions for
interlior wave forms of weak shocks. The latter work 1s not complete
and has not yet been firmed into a BASIC program.

To the user primarily interested in damage or systems analyses,
as opposed to blast analysis and dlagnoses, two other simplified methods

7
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of UTE, the QR“ criterion and the mini-equation, offer notable advan-
tages of speed and economy: the predicted radius R for a given shock
stréngth P is a single expression for R(P). Thus the whole blast pre-
diction problem 1s reduced to a single line, ideally suited for incor-
poration into a complex operational analysis or study of effects.
Briefly these methods are:

QRu

of waste heat Q for a shock (internal energy less the adiabatic work)

Figure-of-Merit. The idea is that in free air the product

and the fourth power of the shoek radius R 1s essentially a constant
below 50 psi. Most explosions do not scale with original energy re-
lease because of their different early histories, and anomalles may
persist to low pressures due to long duration energy release or severe
energy losses at nearby surfaces. Yet all explosions approach simi-
larity at long enough distances, and QRu expresses both the initial
yvield and the final "efficiency'" for relatively ideal media. Because
Q 1s an explicit function of pressure, QRu= constant is virtually a

Simple power law relating a pressure, distance, and yield.

Mini-equation (MEQ). For an instantaneous ideal energy re-

lease in air, MEQ is a single expression giving the distance R fof any
shock pressure, initial energy release, ambient pressure, density,
and weight of explosive and surrounds.

These QRu and MEQ methods will not be deseribed in further
detaill in this paper, but follow directly from the DEB and DSC methods.
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1.3 Prompt Blast Energy, PBE

"Free fileld blast energy" in the abstract refers to a concept
for prompt blast energy PBE in UTE, The end idea is that growth of
explosions 1s directly controlled by the promptly available (undissi-
pated) blast energy Y(R) still remaining hithin a given shock radius
R rafher than by its original (fixed) energy Yb such as 1s assumed in
conventional cube-root scaling. The new theory does not negate cube-
root scaling but extends it to presently unscalable cases, Nuclear vs
high explosives are a dram#tic example and provide a definitive test
of the theory; the well known "efficieney" of huclear explosions--
quoted variously from 30% to 70%--demonstrates in fact failure in
cube-root scaling for absolute ylelds.

Rigorous thermodynamic definitions are first devised to sepa-
rate the total hydrodynamic energy ET of a pressurized, moving medlium
into two fractions on the basis of its damage potential. The prompt
fraction PBE may be characterized by the static overpressure and the
dynamic pressure., As shown in Figure 1.3-1, the statiec fraction com-
prises the work done by actual expansion from the present pressure P1

and volume Vi to some final volume Vf and final pressure Pf,

V
f
WE v J[ PAV (actual path). 1.3-1
P | PBE-1

The total prompt energy also includes the kinetic energy per unit

mass, due to material veloecity u:

K = ud/2.
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The remaining fraction @ of the total energy ET

ET g Q+ W+ K %ﬁ%:g
is defined so as to comprise those modes of energy which either do
not enter into the energy transactions at all, (like ionization energy
or other components of mcz) or are transported'too slowly to support
the blast (like temperature per se).

As implied in Equation 1.3-1 and shown in Figure 1.3-1,

Q represents the "ambient energy" Eo = v?fdeV. Q is different before

and after the shock. The well known entropy change across a shock is
the main contributor to AQ.

The separation of energy into prompt and delayed fractions
for dynamic processes instead of using an absolute state variable like
‘entropy 1s done in UTE for several reasons., First, they are not the
same thing; the waste heat AQ 18 an energy and’entropy change S - So

is a heat capacity. We cannot calculate the c¢orrespondence hetween

them without knowing the average time history of temperature T,

AQ = E(S-SO), and it is far easier--and less prone to error--to calcu-
late AQ directly. Secondly, the flow of hydrodynamic energy is in
directions and at pates which are in fact governed by the overpressure,
not by the abéolute state variables. Third, "time is of the essence'";
many separations of energy can occur in adiabatic processes which de-
pend upon which mode of transport is the fastest, having nothing to do
with entropy. Fourth, separations of enebgy occur in explosions which
cannot be desceribed by the usual entropy concepts. Finally, PBE
avoids other inadequate and ambiguous properties'of an absolute state

variable like entropy when many different processes are present,

10
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Table 1-2 shows about thirty such modes of energy transport and how
the energy transactions are accommodated by PBE and various other' con-
cepts in UTE, Classical thermodynamics dealt with only the first mode:
f PAV expansion along an adiabat.

11
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INITIAL STATE: (Pirvi)

PRESSURE .

ACTUAL PATH

AMBIENT Po

WASTE ™~ _ ADIABAT

HEAT Q ~

VOLUME

FIG. 1.3-1 PROMPT BLAST ENERGY AND WASTE HEAT.
P

o -
W= f P dV (actual path)
p

E| = W+Q
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1.4 Hydrodynamic Yield, HY
The integral Y(R) of prompt energy in a spherically symmetric

wave 1s defined as

= .
Y(R) = bn O/ (W + K) rldr 1.4-1

(HY-1)

where r is the distance of an interior particle from the center and R
1s the shock radius. As the shock grows, the energy within the wave

is continually converted from prompt energy W + K to delayed energy Q

according to

ay _ 2
IR = -U4m RS . 1.4-2

Of course, nearly all the dissipation does occur at the shock front

as implied here; but if other losses occur on the interior, the energy
bookkeeping may still be done on the basis of the shock. Material in
shells of shock area 4“QR2 and thickness dR undergoes an average con-
version of QTcal/cm3; thus

Qinterior]
shock

Uotal = Whoer !t *

Eventually, all the original available energy is so converted
to delayed energy, and Y = 0 at R = », But Q is not all really "dis-
sipated", it 1s only delayed. Q is the heat which later radiates from a
nuclear fireball, it becomes the source of energy for their firestorms.
Q is the bubble energy of an underwater explosion. @ is the principal
seismic energy seen at a long distance from an underground explosion--
the transverse Love and Rayleigh Waves--and is also the source of the
cavity pressures, if any. Q may appear as energy of secondary shocks

or even a train of "shocklets." 13
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Hydrodynamic yield is an absolute measure of energy and usually

refers to the total blast energy Yy actually released at the charge

surface R,. Yo glves a direct measure of energy expressed in nuclear
"ki1lotons" (ld‘2 cal) or in nuclear kilograms (1 megacalories = 108
calories). We note that an "equivalent weight" is an ambiguous measure
of energy because 1tlis relative to an empirical sténdard-like TNT
Nhosé heat Qf exploéion may be uncertain by a factor of 2;

From the definition for PBE as the energy dellvered to the
medium 1t follows directly that

f° 2 = 2
Y, = 4m (w+K) rPar = tn [ offar . (HY-2)
0 R '
o

Y, 18 essentially the heat of detonation or heat of explosion. How-

ever, 1t does not include the waste heat of explosion products,

R
Lrr df ° Qr2 dr. But 1t does include whatever fraction of the heat of
combustion, due to afterburning of debris in surrounding ailr, burns
early enough to support fhe growing shock front.
Hydrodynamic yleld also refers to the prompt energy Y(R) re-
maining in the blast at any greater radius of shock. Consistent with
HY-2,

R

_ 2 - i 2
Y(R) = 4nm 6/. (W + K) r“dr = 4n R,/ﬁ QR“dR . (HY-3)

The right hand integral is important because Y(R) provides the means
to scale, based on similarities during late times, explosions which

14
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are otherwise unscalable because of their very different histories at
early times, say comparing nuclear and TNT.

It will be recognized that the dissipation equation 1l.4-2 re-
sembles but is8 not the same as in the well known Kirkwood-Brinkley
theory. Theirs 1s perhaps the only other shock theory, other than
early versions of UTE, which explieltly recognizes some partition of
blast energy. However these differences should also be noted:

a. The Kirkwood-Brinkley expression uses the enthalpy change
h 1nstead of waste heat Q, which is an internal energy change, AH =
AE + Po(Vb-V) includes PAV work which 18 not wasted, but delivered to
the surrounding air.

b. Instead of the space integral of W + K as 1n HY-3, Kirkwood-
Brinkley would write (in our notation) the time integral

YR) = w2 I p(t) u(e) a
E®)

where P 1s the absolute pressure, u the material velocity, all at a
fixed position R (as if the material did not move).

¢. Kirkwood-Brinkley assumed a specific form for P and u on
the interior, essentially that Pu = constant e-kt. This 18 a maln
limitation on their theory because 1t is quite arbitrary and does not
permit a negative phase in the wave,

d. Q is more general in UTE than h in the Kirkwood-Brinkley
theory. Q includes losses other than entropy changes and also can be
an average value without requiring a spherically symmetric wave.

Beside the error of using enthalpy 1instead of waste heat, the

preemptive difference here i1s (b) above: UTE does not require a speci-

fication of the interior wave forms. Of course, some other "condition"

15
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is thereby required to solve the hydrodynamic equations instead of
Kirkwood-Brinkley wave forms. These in UTE are the form factor F
and the QZQ hypothesis 1n the two sections which follow.

Other significant differences exist between the Kirkwood-
Brinkley and UTE theories, but further discussion 1s deferred until

all the UTE concepts have been discussed.

16
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1.5 Form Factor F and Generalized Scaling
The form factor F was a generic and useful concept used in
all the early versions of UTE in the analytic solution ANS for hydro-
dynamic yield of nuclear weapons. (See LA 1664 for free air bursts,
WT 1034 for underwater bursts and WT 1495 for dnderground bursts.)

We can always define a factor F such that

vy=31g3 . P . F
3
. r— Ryt eSS, e et —
Blast _ shock pressure at average energy
energy volume the shock on interior relative

front (energy/ to peak pressure
unit volume?y

We recognize that a different F

Y

U 3
gf R-P

F =

applies depending on how Y and P are defined.

Probably the most important single experimental fact learned
about explosions in the past thirty years is the fact that they scale,
and over enormous ranges of yield. This means that there must exist
a quantity F which 1s not unique to a specific explosion, requiring a

separate calculation for each, but some average énergy, a form factor

common to all explosions. If we can determine it for one, we can
determine it for all similar explosions.

Several families of scaling laws follow immediately from de-
fining F, one family by demanding that F is some unique funetion of
the shoek strength (5)

17
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Y
4 23, = g'F(g)
—

where « can be any constant. 1In particular, famlllar Sachs scaling
employs the 1nitial yleld and amblent pressure

Y =Yy

a = P

and we observe that this implies

o)-g g

The right side is a function of shock strength only. Accordingly, the
left slde must also be Iinvarlant for any fixed value of P/PO, and we
recognize 1t as the famillar "scaling law" that R ~(YO/PO)1/3.

In particular, strong shock similarity hypothesizes that F =
constant and 1s independent of shock strength. From this follows the

classical strong shock similarity condition that, for fixed Yb and Py,
1

P ~ §3 . '

The restraint on F for weak shocks follows from acoustic

theory. The general wave equatlon is

2
2y _1 2V _ !
c° 3¢2 |
For plane waves
32y 1 2%y
—_— -y — = 0

18
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so that

As 1s well known, 1if § 1s a solution to the plane wave equation the

¥

transformation Z = é; gives Z as a solution to the spherical wave,

Because

and adding:

2 2
Also E_%.=.l.i%; 8o that the spherlical wave can be reduced to a form
ot r ot

Z(r,t) identical with a plane wave equation for y(r,t)

2
v2Z = 1 9 2
c° 3t2

1 39y 1 aev

r 3p°  ¢°p 32

Physically, to say that Z = % is a solution for the spherical
wave, where § 1s a solution for the plane wave, means that at long
distances, where r 1s relatively constant over the wave length, the

plane and spherical wave forms will appear similar to an observer at r.

19
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Assume this similarity 1s the case., We then conclude that
since a constant amplitude desc¢ribes a traveling planar qué{ théh
the overpressure P in an acoustic spherical wave must decé& in ampli-

tude 1like P ~ é . That being the case, since by definition,

XQ ~ FP ~ E Y
R3 R
1t follows that X% ~ F which implies that F ~ P° .

| R

In summary, there are two restraints on F in classical theory:

strong shock simllarity: F = constant, §§ >>1
2 P
acoustic theory: F ~ P~, - <<l ,
o

With regard to scaling, we know as a matter of experience
that explosions which have very different early histories do show
similar behavior at low pressures, As is well known, nuclear explo-
sions do scale with chemical explosions for low overpressures, but‘
with a relative efficiency more like 30% to 50% for the nuclear.

Thus, scaling does not follow Y,, but we require an "efficiency" to
make them scale,

This anomaly, that explosions ¢can scale but not with the
origina; energy, 1s removed by more generalized scaling in the follow-
ing way. From HY-3 we see that the prompt energy of the wave and thus
the form factor 1s in fact determinable by the late history; that is

Y(R) = 4m f QR 24R = 3— T r3pF

Y(R)/R> ~ PF(P)
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embraces a region which is similar for the two explosions. A major
change in "unidynamic scaling" £0110WS ¢ explosions scale according
to the available fraction Y(R) and not the original energy Y.

A second major change for unidynamic scaling 1s the cholce
of a normalizing factor for the pressure.

For many physical reasons, we will define a ¢ such that

v = AP

PCo

2 L]

This is a trivial change for scaling an ideal gas because

2 _
0.Co = KP

and since K 1s a constant also it is immaterial whether the shock
strength 1s normalized to p0002 or'to Po. A breakthrough does occur,
as will be discussed in Section 1.11, because y as defined above also
describes the dissipation for any material at weak shocks and deseribes
many other properties of material., Hence ¢ fulfills the reguirement
for a similar measure of shoeck strength in nearly any homogeneous gas,
solid, or liquid.

We summarize the result so far regarding scaling. Instead of

Yo = P F(P )
e A

the unified theory of blast specifies

Y(R)

%E 00002R3

=¥ F(V)

where § = AP/ 90002. The generality arises from

21
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1) Y(R) instead of Yo’ which permits similarity despite different

early history and

2) ¢ = AF 5 which permits similarity among different homogeneous
PoCo

materials,

Two further relations will be applied to secaling. In the mass
effect MEZ, R3 is replaced by Z3 which takes mass of explosive and
éurrounds into account. It removes the restraint of homogeneous mate-
rial on the scaling law: |

3) z = (mr3)1/3
Por explosions in a non-uniform atmosphere, IDA P150 suggested a quite
successful means of scaling high altitude nuclear explosions: 1t de-

fined an average ambient pressure

_ 2
L) P, = L 1?;%%: dr

using the.standard recipe for an average value. Details are not ger-
mane to the present exposition but "mean pressure scaling" i1s a fourth
way of generalizing the scaling law in a non-uniform medium.

| In summary, the form factor F and generalized scaling are
used in this paper to mean equivalent statements of the same thing.
To say two explosions scale 1is to.say they have a common form factor

under certain specified restrietions, usually a constant shock strength.
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1.6 QzQ Hypothesis
QZQ refers to a controlling'hypothesis in UTE that the quan-

tity

q= - din Q': constant QZQ-1

dln R

holds under a gamut of explosion conditions. q is a "nearly constant"
in unidynamics because it is either virtually constant under ideal
conditions or varies slowly or oscillates about a constant under non-
ideal conditions. In particular

q = 3.5 for strong shocks, ideal

q = 4,0 for weak shocks, 1dea1

less than, greater than, or oscillates
about q (ideal) for non-ideal explosions,

If q = constant then QR? = constant and two important conse-
quences follow:

(a) The integration for yield Y(R) or Y  in HY-2 or HY-3 is
both trivial (a power law) and is exact. If true, it obviates the
need for a machine solution to generate the shock c¢onditions.

(b) T™e pressure-distance curve is directly defined because
Q = Q(P) point for point, once Q(R) is determined.

Regarding Justification, the QZ2Q concept was originally formu-
lated theoretically (ARF TMU21). Since then, it has been abundantly
verified experimentally (see Figure 5.2-1), so at the present time the
validity of the concept can be argued either theoretically or
empirically.

The main features of this derivation are summarized as fol-

lows. By definition,the original blast yield Yb is
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R
v =4n [ PR + “TRpr .

o 0 . 3
d1ssipated avallable
fraction fraction

Since Y 18 a constant, by setting ﬂ- z° = 0, we obtain

34
0 = QR® + R°PF + %- FF) ;
dividing by R2PF and rearranging
dln PF Q
amr -3 [1+'FF] . 1.6-1

Note that if Q = O, then PF ~ %3 . The similarity condition
for strong shocks implies that F = eonstant and thus P ~R'3. For weak
shocks, the resemblance between spherical and plane waves requires
that P ~ R-l, according to acoustic theory, which implied that
P~ R-2 ~ P2. In QZQ, we assume that the essential features of these
two similitude principles still apply: F = constant for streng shocks

2 for weak shocks (plane and spherical waves

(similarity) and F ~ P
appeér nearly similar),

From thermodynamics we then find that Q/PF in 1.6-1 1s a con-
stant for both strong and weak shocks (but not necessarily the same
constant). Because, for strong shocks Q ~ P and F = constant; thus
Q/PF 1s constant. For weak shocks, in any material, 1t turns out
that Q ~ P3; but F ~ P2, 80 PF ~ P3 also and the ratio Q/PF 1s again
constant. If in each domain Q/PF = constant, then it follows that

In Q = 1n eonstant + 1ln PF

dln Q - dln PF
dln R dln R
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and 1if - dln Q &
dln R

then from 1.6-1
q = +3 [1+%§]

2 39
q PF

We may normalize the dissipation equation 1.4-2 by dividing

by ¥
dy _ -hm QR°
T gﬁ R3PF
dY _ 3Q dR
Y WK
Thus, in domains where %F is constant, ~ gin § = q-3.
n

The specific values for q at strong and weak shocks are esti-
mated thusly., If the amplitude of acoustic spherical waves decays as
1/R, this implies that 10X - -1, then %% =landq=3+32=14
(weak shock). Similar arguments can be made for strong shocks.
Whereas all the shock energy is subjeet to dissipation for weak
shocks (Ex 1s negligible) when the shock 1s strong, half of the
energy 13 kinetic and not subject to waste, There would be no waste
heat if all the energy were somehow kinetic. DMore specifically, the
analytic solution explicitly calculates F on the interior of a strong

shock and we find that over the strong shock domain 3Q = 1/2. Hence

3q PF
qa =3+ 5§ ¢ 3.5 (strong shock).
When the shock radius R 1is sultably corrected for mass of

explosive, denoted by a hypothetical radius Z (see MEZ in Section 1.8),
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the quantity qu = constant for any explosion with different values
of q and a different constant in each of the two domains. We refer
to this as the QZQ concept and it provides the great simplification
which makes the integrations for yield Y both easy and accurate.
DEB, direct evaluation, 1s a maximum-data minimum-assumption
method in which Q 1s calculated from the measured overpressure at
each distance R and the integration for Y is done directly (see
Chapter 2). DSC, direet scaling, is a minimum-data method 4in whieh a
theoretical pressure-distance curve is calculated, using the QZQ con-
cept for a given initial energy release Y,; the measured radius 1is
then compared with the predicted radius for each pressure, the data
evaluated point by point by ordinary cube-root scaling (Chapters 3
and 4). The slope q = -dln Q/dln Z is found to change abruptly and the
two domains are separated by a characteristic transition pressure, as
described later in Section 1.9, "Strong and weak shocks eigenfunctions."
Figure 5.2-1 18 a test of the QZQ hypothesis from analyses of

nuclear and high explosive data in later chapters.
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1.7 Generalized Modes of Energy Transport -

"Blast analyses"” 1is mentioned in the abstract because the
QZQ concept permits a comparison between the measured values of g and
the ideal values 3.5 and 4.0, Table 1-2 "Modes of.Energy Transport”
lists about 30 possible real effects and how they can be accommodated
in UTE. 1If the difference between observed and ideal q's is statis-
tically significant, the cause may be categorized under typical be-
havior patterns:

Generalized Waste Heat, GWH:

q (real)s> q (ideal), endothermic reactions
Generalized Afterburning, GAB:

q (real) < q (ideal), exothermic reactions
Body Waves, BOW:

q (real) - q (ideal) is periodic (oscillations)

Some real effects may average out spatially (e.g., Mach re-
flection) or so quickly in time (e.g., radiation precursors which are
overtaken by the shock) that the effect 1s "nearly constant” and may
be regarded as a parameter rather than a variable. Other changes are
due to gradual shift from cylindrical to spherical symmetry close to
a conventional warhead and may be amenable to treatment_by a concept

of generalized divergence, GDV, which 1s described later in this

chapter.
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1.8 The Mass Effect, MEZ

“Explosions in general'--nuclear, sparks, chemlcal, propel-
lants--can be treated in a uniform way, malnly through the mass effect
concept and definition of a hypothetical radius Z., The mass effect
1s usually significant only for explosions in air or other gases, 1.e.,
when the surrounding medium is much different in density than the
explosive.

MEZ was conceived and routinely used by the present
author for analysis of nuclear explosions for hydrodynamic yleld
(LA 1664). It recognizes that no explosion is truly a point source
of energy close to the source, as is assumed in virtually all strong
shock solutions. Initially, the bomb energy 1is not carried by the sur-
rounding medium but nearly all as klnetle and internal energy of ex-
prlosion products and surrounds, material which welghs a thousand times
as much as the air engulfed. This energy 1s only gradually transferred
to the surrounding medium by normal physical processes as new material
1s engulfed and both debris and medium slow down and cool by expansion.

By MEZ, the energy 1s assumed to 5e distributed between bomb
parts and alr (or other medium) in direct proportion to their relative

masses, that 1s

Total PBE = (PBE of Adr) [ 1 + —iM__ MEZ-1
37 r3po
3
where M' = the actual weight 1n air of explosive and surrounds, H =
) 3

‘average kinetic and internal energy ratio relative to alr, (un/3)D°R =
the mass of alr of density D° engulfed at any radius R.
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If we multiply'the term in brackets by the variable R3 we can

then define a new variable Z such that

z = (R3 + m)Y/3 MEZ-2
where M = HM'/4,186D,. Here z3 may be regarded as either a hypotheti-
cal volume, as if the energy were distributed over a larger volume, or
as a modified gas with more degrees of freedom as represented by the
debris. From MEZ-2, the transform Zedz = R2dR follows for counting
dissipation 4Y = -unQRedR for integration of the energy Y in HY-2 and
other relations, At long ranges, Z and R become 1identical, and the
mass of explosive 1is there negligible. Close-in, Z = constant = Ml/3
and is independent of the mass of the air engulfed and shock radius,

The mass effect assumption MEZ is based on the concept "radial
mixing." This is a fundamental difference between UTE and all other
shock theories as the author knows them, including machine solutlons--
they do not permit mixing. Radlal mixing is a direct consequence of

conservation of momentum:

Du -1 3P

Dt o ar
where p i1s density. It states that when materials of vastly different
densities, like particulate bomb debris and air, are each exposed to
the same pressure gradient QE, the rare materials (small p), are slowed
down drastically faster thairdense fragments (large p). Each material
i3 decelerated inversely proportionally to 1ts density. The density
ratio between particulate matter and gas is typlcally 1000:1. It

means that denser particulate material must actually migrate through

the surrounding lighter gas.
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Usually the surrounding medium will also be moving outward
violently. The finest debris will reach equilibrium soon and there-
after ride with the material medium of the blast, being firast slowed
down and later carried along--so to speak--by viscous drag. Coarser
debris moving faster than alr will reach equilibrium later, being
drastically slowed down only when it tries to pass through the shoeck
front into still air ahead; the shock in fact represents the merging
of the bow shocks from the initially outermost debris. The very larg-
est fragments give rise to Jets. Thus at early times, there is no
real_shock front, but only a series of fingers; they resemble, but
probably are not "Taylor instability." Taylor, himself in treating
this problem required the bohb case to blow up uniformly like a balloon.
Finally, note that there is no meaning to "bow shocks" or "drag" unless
the debris is moving faster than air, and that means radial mixing is
occurring.

Radial mixing preempts the use of Lagrangian coordinates for
hydrodynamic flow at least close-in, because it implies that the mass-
lines cross, which 1s unthinkable in Lagrangian coordinates. Because
the local material velocity is actually multi-valued, Euler's hydro-
dynamic equation for conservation of mass 1s not rigorous either in
its simple form.

Nor does the energy carried by the bomb case fragments rep-
resent a fixed 1088 as presupposed in the well known Fano and Gurney
formulas for cased weapons. Most of the fragment energy is continu-
ously transferred "back" to the surrounding air. I say "back"” in
guotes because the energy was never in air; the fragment is the mode

by which the energy 1is transferred to the air in the first place. The
30




NOLTR 72-209

Fano and Gurney formulas do apply however, to energy which is wasted
irreversibly in case rupture and heating, and also for very large
fragments which return energy too late to support the shock. These

are all different forms of waste heat.

The mass effect explains why the initial pressures of a chemi-
cal explosive are a hundred to a thousand times lower than nuclear
explosions at comparable scaled radii: the energy is distributed over
a corresponding greater mass. A main result thereby is to make chemi-
cal explosions more efficient by suppressing dissipation during their
early growth. As we shall see in Chapter 5, a chemical explosion re-
quires only about one-third the initial energy of a nuclear explosion
to produce the same pressure-distance curve at much later times. The
nuclear explosion is not a hydrodynamic "point-source"; if it were,
the dissipation would be infinite at the source and its blast efficiency
would be virtually zero relative to TNT or to any real explosion.

The mass effect relation also provides a convenient way to
describe any of i1ts analogs, 1.e., any effect which decreases (or
increases) pressure close-in--flattens (or peaks up) the wave form--
in a way which 1s inversely proportional to shock volume. Among such
analogs are:

1) changes in specific heat (see section 1.8)

2) waveform during radiative phase (isothermal sphere)

3) delayed energy release near origin.

The first effect refers to ASH, to be discussed in the following sec-
tion. The next two may be regarded as an "inertial mass-effect." If,
for any reason, the wave shape differs from an ideal wave, material

needs first be redistributed before the wave can approach the ideal
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form., The redistributign cannot be instantaneous, i.e.,, it is an in-
ertial effect, and an artificial value of M is a plausible way to per-
mit a gradual approach to similarity, 1.e., in proportion to the ratio
of perturbed to unperturbed volume. '

Figure 5.2-1 is a test of the MEZ hypothesis, showlng that

nuclear and TNT can be reduced to a common scaling by the use of Z.
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1.9 Average Specific Heat

Average Specific Heat (ASH) is a graphic acronym for both
explosive "ash" and for "average specific heat" of bomb and explosion
" debris relative to air. It is symbolized by the parameter H. It is
based on the concept of dust-loading in surface effects theory for air
blast over ground surfaces (LA 1665). It means to recognize that the
physical size of debris affects the mass effect in a different propor-
tion depending on whether or not the particle has reached kinetic and
thermal equilibrium with the surrounding air.

The spectrum of significant sizes for bomb and explosive

debris may be encompassed by four classes:

Typical Thermal Mechanical
Class Size Equilibrium? Equilibrium?
Gas Molecular Yes Yes
Smoke Macro-molecular Yes Yes

t£o microns
Fines Sand No Yes

Coarse Chunks No No

Each class affects the kinetie and internal energy content of the
wave differently.

The gaseous debris increases kinetic energy in direct propor-

tion to its mass (H = 1). But it does not affect the pressure

(internal energy per unit volume) in proportion to 1ts mass.
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Addition of gas lowers temperature, raises density but affects pressure
only insofar as 1t changes the average specific heat at constant
volume Cv’ and Cv is roughly equal for most materials, about 0.2
cal/gm degree. Only about 10% of a strong shock (for a point source)
is kinetic energy, so if the added gas is diatomic only th_e kinetic
energy 1s affected, and the effective value would be H = 0,1 in MEZ,

Consistent with the dust-loading idea, the particulate smoke
is an energy sink for both heat and kinetic energy. It behaves as if
extra degrees of freedom were present, like a polytroplc gas, without
contributing substantially to the total volume as would additional
gas. H = 1 for this smoke fraction; the effect 1s directly propor-
tional to mass for both prompt energy and kinetlic energy fractions
of the wave.

The fines, by definition, are particles fine enough to be in
mechanical equilibrium, as if H = 1 for kinetic energy, but they are
too coarse to be in thermal equilibrium, so H < 1, and the excess heat
remalning in them i1s part of a generalized waste heat Q.

The coarsest chunks are nelther in thermal nor mechanical
equilibrium. Their contained heat 1s again part of a generalized
waste heat Q. But they produce jets at late times and to that extent
that they continue to drive the shock by viscous drag; they behave
phenomenologically like generalized afterburning GAB,

We note in passing that the time dependent feature of debris
size 1s reasonably encompassed by MEZ and GAB forms of relatloﬁs: if
the recovery of energy 1s early, the mass effect described it; 1f the

recovery 1s late, generalized afterburning describes 1it,
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The principal result of ASH is that H 1s substantially less
than 1 as would otherwise be expected, if we did not consider the in-
ternal energy of gas and the non-equilibrium fraction of debris.
Secondly, the average value of H will change as the shock grows, if
only because the partition between kinetic and prompt energy changes.
The DEB method permits a variable H and some high explosive data do
appear better correlated by a variable H than a constant.

But an average, constant value of H = 0,25 is usually used in
DEB and DSC for these reasons:

a. Too few pressure-distance data are close enough to the
bomb to be sensitive to H,

b. The blast yield at pressures of interest (P < 50 psi) 1is
insensitive to H, behaving like Y ~ HO‘2.

¢. The distribution of particle sizes, nor the actual

specific heats are not known well enough to improve on the estimate

H = 0.25.
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1.10 Transition Pressure Between Strong and Weak Shocks

The UTE concepts and techniques are said to "apply at any
shock strength'" mainly because the strong and weak shock values
q = 3.5 and q = 4.0 are most readily derived using the approximations
AP/Po >> 1 and AP/Po <<l for the respective ratios of overpressure to
ambient. These "asymptotic" values ought to be most realiable at the
extreme high and low pressures.

Less obvious, and a serendipitous empirical result, is the
abrupt transition--like eigenvalues--from q = (3 +1) to q = (3 + 1).
It occurs near AP/PO = 1 (= 15 psi), apparently for four mutually
abetting reasons.

First, above AP/PO = 3.82 (about 55 psi at sea level) the
material speed Jjust behind the shock 1is supersonic with respect to
the local sound velocity. The flow of hydrodynamic energy 1is there-
fore preponderantly fofward; hydrodynamic signals cannot even move
backward in épace, near the shock, until the shock overpressure ratio
falls below 3.82., As in all flow problems, we expect profound changes
between subsonic and supersonic flow.

Second, around AP/PO = 2, a negative phase first develops
;n the wave. Until then, energy anywhere on the interior of the wave
can eventually reach the front; but thereafter, energy on the deep
interior 18 trapped near the bottom of the negative phase where it
can accumulate as a secondary shock. This is a point where delay in
average energy transport is crucial; one can accurately speak properly
of delayed energy as being "wasted" so far as the shoeck front is

concerned.
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Third, near these same shock pressure levels, the prompt
energy Y(R) =(4n/3)R3(%,PO)F in the wave rapidly passes from being a

quantity which is large compared with the ambient energy of the air
engulfed (Y >> il R3Po) to an ever-dwindling fraction which 1is lost in an

ocean of surrounding air whose mass and ambient energy are growing as
R3.
Fourth, we note that the kinetic energy fraction at the shock
1s not really subject to waste heat. In uniform free air explosion
only internal energy is "wasted." Recall that the initial partition
of energy at the shock front in any medium is such that |
1/2( P+Po ) (vo-v) P+Po

internal energy increment _ =

total energy lncrement (F) (VO-95 T 2P

where P here is an absolute pressure. At high overpressures P >> Po,

only half the shock energy can possibly be wasted, the kinetic energy
half always remains to drive the shoeck. At low pressure, P = Po and
all the shock energy is subject to waste. This gives a fourth reason
why we expect a sharp transition near AP/Po = 1; the rate of

change in the energy partition at the front changes most significantly

AP
near =— = 1,
P

0
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1.11 Natural Units (NU) and Generalized Equation of State, GES
That "virtually ahy medium and ambient conditions" can be
treated in UTE appears possible through the use of a proposed concept
for '"natural units" NU using a dimensionless, pressure ratio ¢, and
through a generalized equation of state GES.

' First regarding ¢,physical considerations of the Maxwell
distribution for molecular speeds suggests that sound velocity Co is
essentially the average outward (1i.e., divergent) component of molecu-
lar speed, and pOCO measures their random divergent momentum. The
quantity p0002 is a corresponding momentum flux; 1t measures the pos-
sible divergence of internal energy. As is also well known, p0002 is
also significant in describing the compressibility of a medium. The
ambient pressure Po i1tself 1s a fundamental significance because 1t
actually controls direction of the energy flow for the prompt work PBE.

For these reasons we define a dimensionless overpressure

ratio ¢ such that
_ P-Po
= .
p C
oo

The name 'nautral unit' seems appropriate because § 1s essentially the
ratio of prompt internal energy P-Po to 1ts maximum concelvable rate
of divergence pocoa.

Further, considering the Rankine-Hugoniot relations 1in any
medium, for weak shocks we find the results

y = (P-Po)/pocoz, overpressure ratio

¥ g(p/po)- 1, overdensity ratio
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g u/Co, Mach number of material speed
§ = (U/Co) - 1, excess speed of shoeck.
We also find that the waste heat in any uniform medium is
such that ,
Q = Constant . ¢3 5
From the definition PBE we can always define an @ such that
Fo
w= J °Pav = ¢ (P-P_)V
P (o]
Then we found agaln, in the aecoustic approximation, that o« = 1 and
the prompt work W per unit volume V is
W

R

A
The generalized equatlion of state GES used with UTE extends

the Lennard-Jones potential concept. Without giving detalled Justifi-
cation, let us here assume that all the adiabatic deformation energy
E in a body can be expressed by a series of the form

E = Zp /v

where each A, and ny are constants, but are not usually integers.

i
They describe the various close-range, long-range, attractive, and
repulsive forces due to molecular collisions, Coulomb forces, various
multipole moments and van der Waal forces--as many kinds of forces

as are needed for accuracy desired, The volume V is directly related
to the average inter-molecular distance r, With appropriate changes
in the above nomenclature for Ai and Ni’ we readily derive that for

adlabatic changes

ZA1 Ay . P_ni‘
P-P, = L,ni - ni ]= Ai [(po) - 1] GES-1
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If we require that 02 = dP/dp = dp/d (1/V), this imposes one
restraint on the Ai's and Ni's. At any pressure level, certainly

near Po, we can define an average value of n, = k. These definitions

i
taken together, we then find that
1>1>—02V°k 1] ' 2
“ %o Po’o v - GES-

k
i)

A final argument for use of the natural unit § 1s because,

in the acoustic approximation, ¢ then is independent of K because
k
w"_“E (l'*'v;) -1 —AV/VO .

This means the generalized equation of state 1s also consistent with
a natural unit §: the overpressure ratio is the same as the density
ratio for any materlal regardless of its adiabatic compressibility.
For all these reasons, we say ¢ is a natural unit. The
ordinary wave equation becomes direetly in the same acoustic approxi-

mation

2
2* 1 ¥y
v - - = 0 R
02 at2

Thus, we do not have to ask, "What 1s waving?--does y refér to pres-
sure, speed, displacement, density?". No matter; they are all ¢, and
in the acoustic approximation are linearly related.

We say UTE applies to "any ambient condition" because poco2
also specifies the necessary conditions for scaling. For gases in
particular p0002 = kPo where k is the adiabatic compressibility. For

the same reason, GES-1 reduces to the ordinary adiabat P = Py (V'O/V)k
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for ideal gases because
2 2

k k
0 C v 0Co (vo>
P=P + K° [(v’ﬂ) -1] =(PO-T)+POV- .

For non-uniform atmospheres, earlier work (IDA P150) defined

an average amblent pressure Eo such that

JrR P (r)rzdr
5 S o

o

A main requirement for thls deflnitlion was to provide a rigorous ex-
pression for subtracting the ambient energy of the medium from the
total energy of the blast wave to obtain the prompt energy. This
proved to be a key l1dea in a successful approximation for scaling

high altitude nuclear explosions. Since the adiabatic compressibllity
K of air 1s constant, especially for rarefied air, it follows that the

average values are

2
poCo = k?;
which suggests that § wlll also be approprlate for describing many

non-uniform media.
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1.12 Generalized Divergence, GDV

"Adaptable to a gamut of burst geometries" 1s an idea
already tested, (LA 1664), for propagation of a blast in a non-
uniform atmosphere; it 1s based on a concept of generalized divergence
(apVv).

The 1dea in GDV starts by noting that the space coordinate
r in éll the hydrodynamic equations either appears as gradients
g%, %%, g%, etc., or appears alone in the divergence term for

conservation of mass

3, 3
u g% + 3§.+ =+ E =0 GDV-1

where O for plane waves

= 1 for c¢cylindrical waves
= 2 for spherical waves .,

Recall that we can add any constant g we wish to r without changing

_ d(r+g) °o _ .3
T T dr 9(r+g) 9(r+g)

Moreover, since the material cannot know where the origin of

L.}
the gradient, because<3F

expansion 18, the physilcal significance of r in the divergence term
can only be as a radius of curvature, Thus, the physical role of
r 18 not as 5 distance but to describe the local divergence.

Now the curvature for any surface can be approximated by
two mutually orthogonal radii of curvatures, ry ahd Ts, including
the special value r = ® for a straight line. If we therefore define

r such that

1.1.1
) 1 p)

we automatically generate A = 0, 1, 2, for the plane, cylindrical

and spherical cases in the conservatlon of mass equation.
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But we do much more: we can describe the diveréence of
hybrid geometries, shapes lying between spherical and cylindrical
symmetry by the simple device of using a non—integef A. We can
handle 3-D geometries essentially on the basis of spherical ones
by treating them as small pieces of a spherical wave, That of

course 1is the problem of focused blast and of non-spherical warheads.
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1.13 Applications

Why we can say "gamut of warhead configurations" should now
be evident. MEZ provides the means to describe the equilibrium mass
effects due to case mass, GWH provides the means to describe the
energy losses such as rupture and unrecovered fragment energy.

GAB and QZQ provide the means to describe slow energy release,
combustible cases, non-equilibrium mass effects, ete. by varying
the close-in value of q = dln Q/d1ln Z from the ideal value, GDV
provides the means to treat hybrid geometries by non-integer
parameter ).

The sometimes quoted partition of nuclear explosion energy
into fixed fractions--blast 50%, thermal 35%, prompt radiation 10%,
etc.--1s naive and misleading numerical nonsense, "Similar energy
releases" implies the fundamental behavior; explosions, like
many other natural processes, represent evolutions of energy modes
one into another rather than fixed partitions of energy. The UTE
is intended for Just such versatility.

Recall the characteristics of explosions--discontinuous
functions, irreversible, non-linear, ﬁime-dependent, assymetrical,
non-uniform, free boundaries--mentioned at the beginning of this
chapter, If an adequate solution to explosive phenomena continues
to be found 1n'UTE, it ought to provide useful insights into many
other physical phenomena not yet understood., The concepts developed
here for the UTE have been applied in fact by the author and found
enlightening in a number of areas such as:

Chemical stoichiometry amdi combustion
Big Bang cosmology

ny
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Tornados

.Lunar seismology

deBroglie waves and quantum mechanics eigenfunctions

model for gravity and force-at-a-distance

many features of relativity

social phenomena and systems analyses

While most of these are not of interest for immediate

military problems-~-anymore than atomic energy was in 1935--it
might prove welcome to both doves and hawks if the fallout from
explosion phenomena were to include useful new approaches and

insights Into the basic nature of these physical phenomena and laws.

ys
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TABLE 1-1
Concepts for Unified Theory of Explosions

Simple analytlic expressions

DEB Direct evaluation of blast yield

DSC Direct scaling from shock growth

ANS Analytic solution for yileld and interior wave forms
MEQ Mini-equation (a2 single equation for pressure-distance)
QR4 Figure of merit (criterion) for weak shocks

Blast predictions, hydrodynamlic yield and blast diagnostics

PBE Prompt blast energy and waste heat Q

HY Hydrodynamic Yield

F Form factor and generalized scaling

QZQ QZq elgenvalues for strong and weak shocks

ISG Interlor and shock gradients, and time decay

Any shock strength, burst conditions and media

NU Natural Units

GES Generalized equation of state

EPV Varliable epsilon equation of state for nonideal gases
APV Varilable alpha coefficlent for prompt work

VSV Law of partial volumes

MPS Mean pressure scaling

Explosions In general and allied energy partitions

MEZ Mass effect
ASH Average Speé¢ific Heat (of debris relative to medium)

u6
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TABLE 1-1 (Cont'd)

GWH Generalized waste heat
GAB Generalized afterburning
BOW Body Waves

NC Nearly constants

HIJ h, 1, J functlons

Variety of burst geometries and warhead conflgurations

GDV Generalized divergence for hybrid space
TSS Trapping in secondary shock

CVS Convergence shock

SET Surface effects, thermal

SEM Surface effects, mechanical

GIP Generalized impact problem

ur
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TABLE 1-2

Modes of Energy Transport and Method of Deseribing

Them in the Unified Theory of Explosions

Mechanical

deV expansion, (random momentum flux)

Kinétic energy (ordered momentum flux)

Cavity and bubble energy

Internal body waves (ringing)

Dust loading, fine case fragments and explosion products

Viscous drag, coarse fragments (non-equilibrium mass
effect) jets, bow waves from jets

Enhanced kinetlic energy from massive explosives and
cases

Friction'at boundary layers and surfaces

Local turbulence, strong and weak impedance of flow by
rough or smooth surfaces

Macroscale transverse waves, Love and Rayleigh waves
(delayed blast energy)

Free air impedance and scattering

Case rupture and deformation energiles

Internal friction, slippage of gralns under pressure
Compaction of voids and lattice holes

Crushing energy and plastic deformation

Work agalnst gravity and other body forces

W in PBE*
K in PBE*
GWH
BOW
MEZ

GAB

MEZ, H in MEZ
GWH

GWH

GWH
GWH
GWH
GWH
GWH
GWH
GDV

* Acronyms for concepts in the Unified Theory of Explosions are

shown in Table 1-1.

W =.deV work path of actual expansion in the (P,V) plane

K Kinetic energy = 1/2 u2 per unit mass
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TABLE 1-2 (Cont'd)

Electromagnetic and Light

"Fireball" radiation over entire electromagnetic spectrum

Exeitation of internal modes:
luminescence, fluorescence

vibration, rotation

Electron Jetting at shock, electromagnetic pulse
Chemical
Afterburning of explosive

Afterburning of combustible filllers, liquid sheaths, bomb
cases, porous-fuel surrounds

endothermic
exothermic

Phase changes:

Heats of vaporization, fusion, transition
Electric

Plezoelectric effect (first order, some crystals)

Reverse electrostriction (second order, all crystals)

Triboelectric effects (contact potential, rubbing)
Thermal

Dust loading, heat transfer to air

Conductive heat transfer

Convective heat transfer

Thermoelectric effect at phase and grain boundariles
General

Relaxation phenomena and effects

Case assymetries

Reflection phenomena

General purpose blast-fuel warheads (massive effects
close-in, afterburning and incendiary action far out)

hoes

GWH

APV, GES,
GWH

GWH, NC

GAB

GAB

GWH

GAB, BOW, TSS
HY, GWH

GWH
GWH
GWH

H in MEZ
GWH, NC, TSS
GWH

GWH

GAB, NC, BOW
GDV, NC
GDV, NC

GWH, GAB,
MEZ
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2, Direct Evaluation of Blast Energy, DEB
2.1 Foreword

In this chapter we first describe the DEB method for
evaluating the blast energy of an explosion. Malnly, i1t requires
only a broad range of some measurement of shock growth, such as
pressure versus distance or time-of-arrival. Some specific
illustrations of "how it works" are done later in Chapter 5.

The method is conveniently summarized in a BASIC machine
program, with instructions suitable for do-it-youfself analyses
and learning the method. Listing the program insures that the
instructions and logic are complete, that there are no hidden
assumptions, and that most of the extraneous ideas have been weeded
out, To list the program is hopefully the ultimate in a clear,
complete, step-by-step 1list of procedures. It is simply a modern
and efficient means of technical communication.

The chapter 1s organized as follows:

2.2 Concept for Direct Evaluation of Blast Yield (DEB)

2.3 DEB506 BASIC Program

2.4 Input Data

2.5 Input Parameters and Options

2.6 Data Modification and Transformations

2.7 Waste Heat Calculation

2.8 Integration of Waste Heat

2.9 Estimates for Total Yield

2.10 Printout and Dlagnostics

We wlll refer to Table 2-1, which lists the program, to
Table 2-2, which 1s a printout from a sample run, and to Table 2-3,

which defines the terms used in the program.
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2.2 Concept for Direct Evaluation of Blast Yield, DEB

The DEB concept proposes that a broad range of measurements
of shock growth, peak pressure versus distance for example, 1s
sufficient to determine the absolute hydrodynamic yleld Y° at the
surface of any explosive, the blast energy Y(R) at any intermediate
measured distance R and the form factor F at that pressure level.

The procedure 18 1llustrated in Figure 2,2-1:

At each measured distance R, the waste heat Q is first
calculated from the measured overpressure P, Standard thermodynamics
using the Rankine-Hugoniot relations and an adiabatic expansion will
define both the prompt blast energy, PBE, and the waste heat Q.as
will be illustrated in Section 2.7. Appendix QVP gives the results
in detall., If other modes of energy transport are present, as listed
in Table 1-2 of Chapter 1, then Q is suitably corrected to QTOTAL
at each measured point.

We then have defined Q[P(R)] = Qpypay, (R). As the shock

grows, prompt energy 1is depleted according to

dy _ 2
ag = -hm QR

and assuming Y = 0 at R = @, we have
® 2
Y(R) = Un f Qp R® dr . HY-1
R _

This canpletes the necessary prerequisite concepts for
DEB, Gilven a broad enough range of pressure-distance data, any one
of many numerical techniques is sufficient to determine Y(R) at any
point R and in turn to evaluate the hydrodynamic yleld

-]
Y, = bm J q r%r HY-2
RO

at the charge surface R_.
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Thus, DEB was called a maximum-data, minimum-assumption
method because in principle no concepts or assumptions, other than
PBE, HY, and DEB are necessary if the range of data is broad enough.
We do not require a knowledge of interior wave forms as in the
Kirkwood-Brinkley theory, how Q varies witﬁ R nor the mass of explo-
sive 1f the data are in sufficlent detail, A number of standard
explosives-~-nuclear, TNT, pentolite--afford sufficlent data for
evaluation using only these assumptions.
Other concepts are used in DEB,
QZQ Optimum Propagation
MEZ Mass Effect
GAB Generalized Afterburning
GWH Generalized Waste Heat
but these are primarily "assumptions for convenience'", They make
the DEB method mare practical by drastically reducing thé data
requirements, both in range and detail but are not intrinsic,

The QZQ concept, namely that

=z dln Q =
Q= - w7 constant

permits us to perform the integration in bold steps, requiring
relatively few data points, and using the data itself to measure
the slope q between adjacent points., The assumption q = 4 at
long distances provides a means.for estimating the contribution
to Y from shock growth beyond the farthest distance measured |
(shown as "estimate, acoustic"in Fig., 2.2-1). Similarly, q = 3.5
provides an estimate for the region between the charge surface Ré

and the nearest data point ("estimate, close-in" on the figure).
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A similar estimate can be made for the waste heat of the explosive
itself; but it is not properly part of the blast "yield" since it
is energy which 1s not released to the air.

QZQ relaxes the requirement for data enough so that
in principle DEB could be applied with only two data points, albeit
approximately: one measurement in the strong shock region of an
overpressure ratio P > 3.8, extrapolating back to the charge surface
with g = 3.5 and one measurement in the weak shock region P < 2,
extrapolating to infinity with q = 4. We note in passing that
as such, DEB would become the DSC method.

The advantages of integrating backward in DEB mainly
accrue because it circumvents serious uncertainties associated with
analyzing high-shock preséures and other close-in phenomena, such as

a) Non-ideal equation of state

b) Instrumentation at high pressure

c) ‘w11d fluctuations in measured pressure due to bow

shocks, fingering,and Jetting from the mass effect.

d) The calculation starts with the most certain boundary

condition:. Y =0 at R = »,

e) It provides an absolute value of Y(R) without

recourse to interior wave forms or to early history.
The last point i3 exceedingly useful. We can always define

an average form factor F for the blast wave such that

volume eak pressure average

Y(R) = .‘_‘% R3 . P . " . 2.2-1
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F theréby expresses the average value of energy in the wave relative
to the peak pressure (energy/unit volume) at the front. As noted
earllier, F is in'fact the implicit quantity sought in machine solution
for free fleld., DEB glves Fr explicitly from

[ ]

2
- Y } by Rf QRdR
%—ER?’P é“ER:"P'

3.f oRPar
F =
-

Given F(P), and assuming scaling, the "blast problem" is largely
solved and the pressure-distance curve for any other Y(R) is
obtained directly by the above equations, 2.2-1 g}_g_g,

The mass effect concept MEZ makes DEB practical but 1is
also not intrinsic to i1t. Whenever the mass 1s appreciable, even a
crude estimate for the mass of explosive and case makes the quantity
q = -41n Q/dln Z much more constant than dln Q/dln R. If measurements
close to the charge radius are available, the improvement in Yo due
to MEZ can only be a few percent even though q varies. But 1if no
measurements exist closer than 10 charge radii or so, letting M = 0O
is equivalent to treating the explosion like a nuclear explosion, and
the yield Yo at the source will be estimated high by a factor of 2
or more, MEZ 1s of small consequence at distances greater than 10
charge radii or, as noted, if actual data points are available,

The various modes of enefgy transport included in GAB or GWH

as shown 1n Table 1-2 are not always appreciable for free air
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measurements; One raises the question whether they need be considered.
First of all, the measured values of g in DEB will indicate the fﬁct
by systematic deviations from 3.5 and 4.0, If we suppose that the
measurements being evaluated do represent realistlic field condition,
and the wave does suffer losses such as those due to surface effects,
then the effective blast yleld ought probably to be corrected for those
losses as measured. In such cases, the difference between g (observed)
and q (ideal) in the weak shock region is almost certainly due to sur-
face effects and the corresponding energy loss 1s readily determined
by the expression for yleld in direct scaling method. But of ecourse,
for practical purposes, any other explosion under similar field con-
ditions will also show the loss and in any case, DEB measures the
losses and>blast actually present at a given distance 1in the field
under experimental conditions. On the other hand, for comparison

with stolchiometry studies, DEB ought to be corrected, 1f at all

reasonably possible, for any non-lideal loss,
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2.3 DEB506 BASIC ?rogram

We turn now to using the program DEB506.

To read BASIC requires only a knowledge of algebra, a few
conventions, and special meanings for about a dozen English words.

An appendix "BASIC Machine Language" 1s included for the benefit of
readers who do not now know BASIC, Only a few minutes may be enough
to learn to read BASIC well enough to follow the subsequent discussion.

We refer continually to Table 2-1 which is the LIST of instruc-
tions to the machine for DEB506. We will refer also to Table 2-2
which is the printout; the reply of the machine to these instruetions.
Table 2-3 gives the nomenclature for DEB506.

The line numbers of DEB are shown on the left of the LIST;
they run from 100 to 2000, In the discussion which follows, we will
refer to line numbers and omit the word "LIST." That is, "100-290"
will mean "Line numbers 100 to 290 in the LIST inclusive."”

DEB506 1s organized as follows (see Table 2-1):

100-290 deal with titling and input instructions

297-360 read the data as input in 1000-1989, transform
them to cgs units and route them in the program

400-490 calculate the waste heat Q(P)

499-730 1integrate the waste heat to obtain Y and printout
the results for each measured data point

799-840 makes an estimate for energy dissipated between
the charge surface and the closest data point and
for the waste heat of the charge
998-1989 are reserved for inputting pressure-distance data
1990-2000 terminate the calculation
Most of the titling shown on the printout Table 2-2 is obvious,
For example, the machine responds to line 100 of the LIST (which see)
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by doing exactly what it is told; and the result appears as the title
at the top of the printout Table 2-2 (which see)., In accord with the
remark shown in 104, the user would type:

110 PRINT '"name of the data"
The name must be in quotation marks. The result abpears'as the second
line on the printout: "DASA 1559 COMPILATION FOR ONE POUND TNT,"

All the English words appearing as table headings, parameters,
ete., on the printout are similar responses to instructions when the
line numbers are followed by the word PRINT and some statement in
quotes. See 180, 190, 240, 250, ete., but note that the instruction
such as "105 PRINT" standing alone leaves a blank line--it prints~
nothing.

The term REM following a line number means "Remark.," It is
an instruction to the user and has no effect on the program. The re-
marks in DEB506 are doubtless too cryptic by themselves to be under-
stood at first reading. The remaining sections of this chapter will
amplify each remark and explain the calculations, Hopefully thereafter,
the user can omit the discussion in the present chapter and the briefer

comments in REM on the LIST will be sufficient and even preferable,

58




NOLTR 72-209

2.4 Input Data

In accord with the remarks in 102 and in 998, raw measured
overpressure and distance data are input in any units as illustrated
in lines 1000 to 1040 in the shown LIST. The numbers actually shown
are: pressures in bars, 0.02 is the first pressure; and distance in
feet, 100 is the first distance. The format 1s:
line number, the word DATA, followed by pairs of numbers, pressure
first, a comma, the correspondling distance, comma, pressure, comma,
corresponding distance, etc.

Because DEB integrates backwards from infinite distance, the
data should be entered in decreasing order of distance even if pres-
sures do not thereby increase monotonlcally. However, if the order
of distance is reversed, no particular harm 1s done, as long as q
13 a slowly varying function,

Data may be actually input anywhere in the program so long as
the word DATA appears after the line number. But DEB intends 1000-
1989 for that purpose,

1990 DATA 0,0 is a device for routing the calculation to

terminate the program; i1t should not be altered.
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2.5 Input Parameters and Options

Referring to nomenclature in Table 2-3, and the LIST in
Table 2-1, the following parameters are the minimum required for the
program to RUN:

150 DO, ambient density, gm/cm>

160 PO, ambient pressure, bars

170 K, the adlabatic compressibility
For DEB506 to RUN with a paucity of data:

210 XO, the charge radius in same unlts as data

220 M, the mass of explosive and case, kllograms

230 H, the average specific energy
Options are also provided:

260 Ql, the slope dln Q/dln Z close to the charge

270 Q2, the slope dln Q/dln Z beyond the farthest data

The program instructions contaln aids for the inputting param-
eters. The actual line number 1s usually preceded by a remark; thus,
line 140 relates to and precedes 150-170. All the parameters are
printed out and the PRINT instruction for that parameter willl state
what unilts, 1f any, were needed for the input. But no special print-
ing instruction will be found for units of Z0O, Ql, or Q2 because these
numbers are printed in their proper position in columns 2, 4, and 5
of the printout.

For an explosion in any gas which is not diatomic (as is air),
the proper adiabatlic compressibility K should be inputted in line 170,
For all diatomiec gﬁses, let K = 1.4 as 1t now stands. But for an ex-
plosion in argon, for example, type:

170 LET K = 5/3
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As written in Table 2-1, DEB contains a high-pressure correc-
tion for the non-ideal equation of state of air for overpressure ratios
above P = 11.25 as 18 shown in lines 440, 480, and 490. If the medium
is not air, a suitable high-pressure correction ought to be inserted
to replace 440, 480, and 490, if 1t 1s known, If the high-pressure
form is not known, type 440, followed by a cecarriage return; this will
erase the present line 440 and the program will perform the calcula-
tion using the 1deal gas law Just as in lines 450 and 460 for low
pressure air. Those expressions are valid for any value of K.

For solids and ligquids, the form of waste heat 1s practically
the same but slightly different from those shown, We defer that dis-
cussion until Section 2.7.

210, X0, "charge radius" must be in the same units as the
data because later lines 310 and 330 convert all distances to centi-
meters in the same way.

220, M, "weight of explosive and case" means excess mass over
air and, therefore, means precisely '"weight in air." Thus, for a
lighter-than-alr gaseous explosive, M would be a negative quantity.
For most explosives, M should include all material disintegrated by
the explosion., For a nuclear explosion M would thus include the weight
of the missile, certainly the cab on a tower shot, etc. An HE missile
poses a more difficult Judgement but 1s best expressed by using the
word "surrounds." The explosion will reflect from, rather than disin-

tegrate, massive obJjects in the near vicinity which do not actually

surround it nence, they would not be included in M.

230 H "average specific energy" 18 not a sensitive parameter.

As described in ASH, Section 1.8, it represents the average ratio of
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internal and kinetic energy of explosive and bomb debris relative to
the surrounding medium. Without more precise information, leave 230
with the value H = 0.25.

The dependence of the estimate for initial yield on the
paraméter H is solely due to extrapolating the closest data inward to
obtain the pressure at the charge surface. The yleld 1s independent
of H wherever the pressure 1s specified by actual measurement. The
best way to answer the question, 'What uncertainty is introduced?”

18 to vafy H slightly about the 1deal wvalue .25 for the specific data
and see what differences arise. For the DASA 1559 TNT data shown in

Table 2-2 several runs showed these results.

Assumed H Y, Waste heat of charge
0 | 356 015
.1 - .327 .035
.25 | .328 074
.5 .330 .139
1.0 .332 .269

Thus, for data extending this c¢lose to the charge, any guess .1< Hc«l
makes an insignificant difference in the blast yleld Y,. To ignore
mass entirely--by setting H = O--1s equivalent to treating the explo-
gion like a nué¢lear explosion close-in; the yield 1is increased 10%
thereby because of the very high pressures close in,

An interesting aside: note the waste heat of the charge itself
increases in direct proportion to H, nearly doubling the apparent total
yield for H = 1, up to 0.332 + 0.269 = 601 megacal/pound or about 1320
cal/gm. About 25% of the yield of TNT comes from afterburning--TNT is

~ an oxygen deficient explosive. The result 1320/1.25 = 1060 cal/gm is
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in good agreement with the classical values for heat of detonation.
This result suggests that the analysis thereby verifies the classical
heat of detonation for TNT. But this order of magnitude estimate for
waste heat in the charge 1s too crude to be that rellable. A more
fundamental discrepancy: <the classical heat of detonation was not sup-
posed to be affected more than a few percgnt because of residual heat
of charge. Perhaps that is why the classical procedure calculated the
stoichiometry as if all the reactions occurred at room temperature
and as 1f the heat of detonation and blast yleld were the same. Besldes,
the clcse-1in pressure measurements do not indicate low pressure as if H=1.
At 260, Q1 provides an option for varying dln Q/dln Z close to
the charge, 1f 1t 1s thought to be different from 3.5. One gulde would
be to use the average value of dln Q/dln Z as it was previously found
in nearby data. In Table 2-2, the printout for a samples run of DASA
1559, with H = .25 shows the strong shock slopes for 100 Z P 2 3 to be:
4.03, 3.62, 3,15, 2.95, 2.84, and 3.63. These slopes average 3.37.
What we see here may only be experimental scatter due to calculating
the slope directly from adjacent points. It could also be real, q < 3.5
because of afterburning.
At 230, Q2 provides an option for varying dln Q/dln Z for
shock growth beyond the farthest data, 1f 1t 1s thought to be differ-
ent from 4,0, An easy way to make a better estimate 1s to average the
slopes for weak shocks P <« 3. The low pressure values of dln Q/dln 2
for DASA 1559 are 3.79, 3.59, 4.16, 4.37, 4.24, 4,17, 4.50, 4.03; they
average 4,11, There may be some monotonic systematic loss here due to
any number of causes we can consider as generalized waste héat; most

of the systematlc fluctuation seen here is a typlical of a body wave
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(BOW) or oscillation which may occur for high explosives, but averages
out to be null in average effect, like an AC fluctuation on a DC cur-
rent,

In either extreme of distance, the uneertainties in Ql and in
Q2 have negligible effect on Yo' Below 0.2 psi, Table 2-2 shows only
0.0048 megacalories are estimated with Q2 = 4 out of an eventual total
of 0.330, thus, about 1.5% of the source energy Y would be lost if
the tail fraction were omitted entirely. Between the charge surface
and the first data point at 13.7 em, the fraction of energy involved
is

2330 - .322 4 100 = 2.4%
.330

Such would be the error in yleld Yb if we completely neglected all the
energy dissipated inside a shock distance of 13.7 cm (about 4 charge
radii). It is not worth the effort to try improving over an estimate
with the ideal value q = 3.5,

64




NOLTR 72-209

2.6 Data Modification and Transformations
We refer to 297-360, where data are read in and routed.
Line 300 reads the data 1n pairs as input, starting at line
1000, assligning the first number of each pair as a pressure P, the
second number as a measured distance X, Either may be in any units,
Line 320 ( or thereabout) converts the pressure P as read to
an overpressure ratio by dividing by the ambient pressure in whatever
units were used for P in the DATA statements. The user should type:
320 LET P = P/(actual ambient pressure)
Another example: If P were input in absolute psi instead of over-

pressure, and P were 13.6 psi, type
320 LET P = P/13.6 - 1.

Suppose the shock velocity were input at line 1000 instead of

pressure P; we have for ideal air,

AP
5

o]

N

o]

Qld
~Njoy

and 1n our notation for pressure
AP _ 7 |fuy 2
=58 |l -1
o o

The program would read the input shock velocity as P (not U).
If amblent sound velocity Co = 1100 f/s, then we could type directly

320 LET P = (7/6) * ((P/1100)1 2 - 1) .
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As a further example of data modification: Suppose that the
time-of-arrival method had been used with a sound velocity later deter-
mined tb be too high by 0.3%. As-a result, all the Mach numbers for
shock velocity are too low by 0.3%. It is straightforward to show that
the pressures so calculated are too low, especlally at low pressures
and that a suitable correction in the pressure ratio is shown as line .

325 below:
325 LET P = 0,007 + 1,006 * P ,

Line 330 or thereabouts must convert the distances X as read
in the DATA statement to either centimeters or meters. Because of the
factor 106 between nuclear and HE energy and that volumes go like R3,
the brogram automatically computes both small charge and nuclear data
with the same numbers for radii. If the conversion in 330 is intended
to mean centimeters, say R = 30.48 * X (using 30.48 em/ft), the numbers
for thé yields Y will mean megacalories (106 cal). If the conversion
in 330 were intended to mean meters, say R = 0.3048 * X or R = X/3.28,
then Y would mean the number of kilotons (1012 cal). Normally, this
factor of 106 between HE and nuclear explosions will be clear from con-
text. With tongue in cheek, I cannot forego the comment that a poten-
tial user who does not recognize a factor of 106 in energy release
from the distances would be well advised to get outside help before
fooling around with explosives.

As another example of distance conversion: Suppose distances
all were measured too short by 5 feet. After reading the data in line
300 but before converting to centimeters in 330, an extra line would

correct them thus:
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328 LET X = X + 5
330 LET X = 30.48 * X
Proceeding in the LIST, 350 is the mass effect correction
for Z; 1t reads directly:

2= (®3+m- )3

The present line 350 is intended to accept é variable H., Note that
if the program were refined to let H be a variable, variations would
perforce be programmed prior to line 350.

305, 310, and 360 terminate the program when the input data
are all read and the machine comes to fead P=0, X=0 in 1line 1990,
It routes the program to the terminal statements 800 et seq. summariz-

ing results,
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2.7 Waste Heat Calculations

As listed in Taﬁle 2-1, 400-490 calculates the waste heat
for alr with apbropriate approximations for low overpressures at
420 and a non-ideal equation of state for ailr at 490, For explosions
in air, with no corrections for GAB or GWH, or no further modifications
are needed, the program 1s ready to RUN,

We discuss briefly the derivation of these equations and
the alternate procedures for other materials. See also Appendix QVP,
which gives a program for calculating @ and prints results completely

4 < P < 106 and at several values of K for P <« 10,

for 10~
The typical calculation for waste heat is done in 460, Just
before this, 450 1s the density ratio computed according to the usual

Rankine-Hugonliot relations

o

"

|

"

=
veiug
+| +
1= [

where p/po = density ratio across the shock and & is the absolute

pressure ratio using

g =1+P
_K+1
U"K—;—I .

It follows that
%}é—% (1 +P) +1

D =
X+ 1
(1+P) +g—71

K+1p, 2K
p=FK-1 K -1

~ 2K
P+ Kf:—I-

which is 1line 450,
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460 1s a straightforward derivation from classical
thermodynamics and the Rankine-Hugoniot relations. For an adiabatic
expansion and ideal gas, the prompt energy relation

S
W= y Pav

i

leads directly to
K-1

sk 1_("1
By whatever process an ideal gas is compressed, the energy added to

the materlal is

8o that in ordinary notation, where P 1s an absolute pressure,

Q=E1-Eofw

K -1
RV PV BV PV (Vy
C=X-1 " K-I K-T ¥X-1\V;
K -1
o - PyVy (Vi L
TX =71 v; -
K -1
e __1 hi"i("i) a
!ouo K-1 ._P;wv; 'V;
K -1
, [am oW (Pf K
TR | Ry o ‘

0o = 1/vo:

1
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Showing DEB506 notation an the left and standard notation on the

ht,
I'ig Q = oo Q/Po

\'/
O
D=v;

P

i

1+ P =g

o

and we have, as the waste heat for any shocked gas

1
K

0= @r® T 1
| which is 460,

For low pressures, say P < 0.02, Q becomes an exceedingly
small difference between two numbers each approximately equal to
1/(K - 1), The actual value of Q becomes less than the truncation
errors of the machine, By a laborious but straightforward expansion,

using the binomial theorem and carrylng fourth order terms for any

ideal gas
3 _
°oQ‘; K+1 Ps - Po 1 - 3 (Ps = Po) +
PO 12 c 2 3 PO ¢ .

P00

This approximation is 420 when expressed in DEB506 notation:

- 5 (§) (2~ 39)

Note, as an aside on natural units, that since v = —_—
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this last expression is

e =KE+14¢3 (5 3K .
12

Both 420 (the low pressure approximation) and 460 are valid
expressions for the waste heat of any ideal gas, This is an easier
requirement thah appears at flirst because the ideal gas law does
not fall seriously below 10 bars, and the contributions to yield
very close to the charge become small because of the small radius R
involved in Y = 4n fqR°4R.

For P > 10 bars or so, alr does not follow the ideal gas
law, A correlation of theoretical equations of state for real air
was given in LADC 1133, reprinted in LA 1664, and was used to deter-
mine the hydrodynamic ylelds of most nuclear explosions, Using these
data, the waste heat Q of real air was found well represented by the

simple approximate expression

(22-L2§L-1)

poQ

—F;— = 10
where I = loglo(P). This expression closely approximates the ideal
gas at moderate pressures, and matches it exactly both at 3.4 and
11.25 bars. As an easy comparison, the above formula clearly glves
,,OQ,/P0 =1 at P = 10, where log, P = 1; the ideal gas law gives
OOQ/PO
used for P > 11.25,

1.0136. As shown in line 440, the high pressure form is

The accuracy of the high pressure expression 1s really
fixed by the numerical parameters 22 and 16, since these numbers
were theoretically derived and approprliately rounded off for uncer-

tainties, As an aside, fitting with precise fireball data from
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nuclear explosions suggest the number ought to be 21.75 instead
of 22, But we continue to use the value 22 for two reasons, First,
we wlish to keep the entire present derivatlion as theoretical as
possible, precisely in order to make meaningful comparisons with
data 1later, and we cannot do so if the numbers are already fitted
to data. Second, there 1s no guarantee that the composite or fireball
data are that accurate either, The main implication is that there is
no serious worry about the equation of state at low pressures of
interest. The fractional uncertalnty in Q due to a difference in
parameter 22 as opposed to 21.75 is then

(22-L%§L-1)

cheoretical - 10

Qritted (21.75-L) (1L-1)
16
10 :
002551“'1!
relative error = 10 .

At the end of the radiative phase and the beginning of shock growth

where P = 75,000 bars,L = 4,88 anl Q is therefore uncertain by a

0.25 (3.88)
10

factor 10 = 1,15, or 154. But at 100 bars, about the

highest pressure of interest for high explosives, the fraction is

0.25(1)
10 :

= 1,02 which 18 a negligible error. And of course, from

the form of the expresslion, Q is completely insensitive to the exponent

22 at P = 10 bars, where L = 1, In short, although 21.75 is probably
a better number, 1t does not appear worthwhile to change it in the
present Introductory study from the originally derived theoretical

parameter 22,
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Tables 10 to 15 of Appendix QVP makes an explicit comparison
of Q for both parameters 22 and 21.75 and the ideal gas law.

For gases other than air the high pressure form 490 will not
be valid. If the high pressure approximation for that gas 1s known,
corresponding changes should be made at 440 and 480-490., Otherwise,
as mentioned in the discussion of input parameters K, in Section 2.5,
we can erase U440 by typing "LUO" and a earriage return. The program
will then use the ideal gas law throughout,

For applications to solids amd liquids, the whole block from
410 to 490 should be replaced by its counterpart., The relations for
Q in a s0lid or liquid are quite similar. The adiabats are identical
if written in the form o K

0000 Y
P = = -1
. (v ) ] )
For pure solids or liquid, K = 7 and the counterpart of 420 in the
low pressure approximation differs only by the factor K from the

expression for a gas, that is 3

o= {K+1) K y

The extra K occurs because in solids and liquids, the material

returns essentially to its original volume., This expression applies
if a gas 1s allowed to return to its original volume by promptly
radlating away 1its heat, But it 1s treacherous to push these
similarities too far. Most solids contain alr voids which drastically
alter the waste heat, To offset these difficulties, however, ¥ << 1
for most solids and ltquids (except in nuclear explosions) and the
behavior 1s acoustic as above., To calculate waste heat for such

materials, the reader is referred to WT 1034, WT 1495, or UNP 434,
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For explosions exhibiting marked losses different from waste

heat such as surface effects or radiation appropriate corrections to
increase or decrease Q can be made following 420, 460, and 490,

There are no general rules which ought be cited for the data here,

T4
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2.8 Integration of Waste Heat

The generic 1dea in DEB was glven in Section 2.2, Before
discussing the program itself, consider again Figure 2,2-1, which
shows the specific method of calculation in DEB506. Refer to lines
499-592,

Define a local constant q(Z) such that between adjacent
points Z and Z1

qz? = constant = QOZOq s

Then the local slope 1is

ln Q- 1n Q In (Q/Q,)
InZ - 1nZ 1n (z/zo)

This is essentilally the N in line 550, except that 3 is subtracted
from 1t for convenlence for reasons noted below.

The integration for Y actually starts with 510 which makes
an estimate for shock growth beyond the farthest data point. It
1s based on a value of g%%}%; =N =Q2 ~ 3 as shown in 275 using
the theoretical value Q2 = 4 or with'whatever value was input at 270,
The expression in 510 follows the more general procedure which is
as follows,

¥l in line 560 1s the general increment in Y between some

Rl and Re .

Because q 1s assumed constant in the interval Rl to R2,
q_ q
QR QlRl and R
2 o
AY = 4mQ,R,9 f R-"9dar .
11 R
1l
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~

This 1s an elementary integral and the form for all increments

in Y becomes 3 Q-3

4m R, Ry

3 =3
bY _ um 3Ry 1 Ry
Tt |1t \m) |

The nommenclature of DEB506 i1s shown on the left in the relations
Y1l = AY, the increment in Y

local value of OoQ/Po = Q, above, bars (not Q1 in DEBSOG)

local value of Rl, mass corrected

previous value of R2, mass corrected

= 8 N O
n

=q=-3.

Combining these terms we have

n-23 o (g)
which is 560, except for units,
The dimensions of Yl are thus: Q is proportional to the ambient
pressure in bars, since it was calculated by letting Q = poQ/Po

in Section 2.7. In the above equation, Z/Z0 is dimensionless,

So i1s N, The dimensions of Yl are then
Y —3 3QZ3 bar cm3

6
Yl ~ 3Qz3 _l? bar Cﬂl3‘ cal . 10~ ergs

Ly 3
42

X 107 ergs bar cm
~.3qz3
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Now note that the first increment in line 510 is simply Y1

with Z0 = =!¢
Yl ~ 0.3 QZ3/N calories.

Throughout the calculation, Y1 is so carried, in calories.

Line 570 Y = Y + Y1, is the heart of the DEB program.
It integrates the prompt energy Y at each measured distance by summing
the previous increments Yl. The scaling cohversion due to ambilent
pressure and for energy in megacalories or kilotons is done simply
in line 700 by printing out POY/lo6 instead of Y itself,

The slope N1 = g%%ZR in 1ine 580 is derived thus.

Consider dY = - 4TQRZdR
Since R°dR = z°4Z
ay _ _ ym QZ3 daz
Y Y 7z *
Now define
3
Nl - Z - 4 T .
Because QZ3 is carried in bar cm3, and Y in calories, again we have
N1 = %E 32> bar em> cal 10° ergs
Y cal m ’ 3
%— X 107 ergs bar cm
3
= QZ

which is 580,
From N1 the form factor F 1s readily specified; F is
defined by

Y(R) = %1 R3PF
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The above definition for N1 then becomes

3
Nl:—LPr_I.QZ____
b4y 3
3 PF
N1=.3..g
PF

According to the arguments in the QZQ hypothesis, N1 ought to be a
constant at both extremes of very strong and very weak waves, ' Accord-
ing to the scaling hypothesis, F should be a function only of shock
strength P. According to thermodynamics, q is also a Q(P), hence

Q/P i8 certainly a function of P. Hence, N1 ~ Q/P and ought to be
constant in both extreme values and "scale", i,e., be a function only
of shock strength., It is a "nearly constant.” Thus, even better
than tabulating F, which scales but varles rapidly at low pressures,
vthe tabulation in Column 5 shows N1 is a slowly varying function, 0.5

< N1 < 1 and we can always obtain F readily and directly from

F(P) = 29_ .
PNy

" Here, in dramatically simple form, is the power of the DEB
method, As mentioned in Section 1.8, solving the blast wave problem
reduces mainly to a matter of solving for the form factor F, Column 5

gives F Implicitly in terms of a nearly constant, N1 summarized by

0.5 < (N1 = %FQ) <1.0 .
strong shock weak shock

700 is the actual printout of results. In Columns (1) and

(2), P and R are printed as carried in the program. Y is scaled and
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converted to megacalories or kilotons as discussed above and appears
in Column 3.

For the program it is clear that N + 3 in Column 4 is the
local slope dln Q/dln Z. The logarithmic slope for yield versus dis-
tance, N1 in Column 5, was derived above for explaining line 580.
710, 720 store the current values of Q, Z, and as the "previous

values" Qo, Zo for the next step.
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2.9 Estimates for Total Yield

When the input data are used up, the program eventually reads
0,0 in 1990. Lines 310 and 360 then route the calculation to 800,

800 extrapolates Q directly to the charge surface using the
ideal exponent of Ql,or whatever number was input at line 200; norm-
ally Q1 = 3.5. Z 1s now the mass corrected charge radius XO.

810 and 820 are straightforward inversions of 480 and 490
which calculate the waste heat of a strong shock; they solve for pres-
sure using the Q obtained in 800, These lines are valid only for air.
If the explosion occurs in some other medium, lines 810 and 820 must
be changed accordingly.

Having obtained P at the charge surface at 820, the calcu-
lation 1s routed back to 550. Increments in Y and slopes are then
treated as for any other point.

We note in passing that the value of P printed out as a
result of the last step provides a useful and sensitive check on the
values of the parameters Ql, M, and H. The effect of q = Q1 is clear;
the steeper Ql, the higher the value of the waste heat Q and the higher
pressure at the charge surface.

The pressure at the charge will be inversely proportional to
M and H, extrapolating backward from the closest data. All the rea-
sons and restraints are more elaborate than we need discuss here, but

consider the mass correction term in brackets

Y=%—ER3PF ] + M .
”“'DOR3
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If the mass effect correction in brackets 1s large, as 1t will

be for high explosive charges near the charge surface,

Yy = PF HM
(o} ﬁo .
Thus, DY
P~ 0o 0
M .

As we noted previously in connection with the cholce of H, variation
in H and hence variations of P at the surface do not strongly affect
the yleld Yo‘ D° and M are known for a given welght of surrounds;
in some cases we may not be sure how much of the case enters into
the mass effect. F 1s a constant due to similarity conditions for
strong shocks, The physical meaning of H 1S now clear, a low specific
heat H results in high initlal pressures.

An order of magnitude estimate for the waste heat of the
charge 18 made at the end of the calculation. This Q of the charge
1s not included in the estimate for yleld Y, at the 1nitial radius
because, in principle at least, 1t 1s energy never dellvered to the
surrounding alr as part of the explosive process., It appears as
residual heat of debris remaining after the alr has returned to Po,
and may be delivered to alr by much slower processes of conduction
and convection. This order of magnitude estimate 1s included, not
for rigor, but as a reminder and gulde why there may be substantial
real differences between hydrodynamic yleld and total chemical
energy release by detonation,

This magnitude 1s estimated as if all material inside the
initial radius--the high explosive 1tself or the 1isothermal sphere
of a nuclear explosion--undergoes the same waste heat as the
ad Jacent alr, It i1s as 1f the 1nner material eventually reached
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temperature equilibrium with the surrounding air. It 1is somewhat
a "cart before the horse" argument, done more for convenience than
rigor, which is why line 705 prints "of the order",.

Line 707 shows the estimate explicitly. Assuming Q = constant
as noted by printing out dln Q/dln Z = "O assumed", then

z
(o)
AQ(charge) = 4 of QR2dR

_ bm 3

= — QZ, .

This 1is the quantity printed out by line 707 (except for onversions
3

from bar cm” to megacalories). No further calculations were
necessary because Q and Zo were currently stored in the program
from the estimates at the initial radius,

This estimate may be substantially different from what one
would calculate using the ideal gas law, without mixing, and without
radliative transport., But each of these processes do occur; In
nuclear explosions, the inner materlial does radiate, some of 1ts
energy 1is lost by conduction to surrounding alr at the edge of the
isothermal sphere. For chemical explosions, the mixing assumption
implies that powerful conduction and convention losses occur., In
both.cases the inner material does expand along a path steeper
than the classical adiabat, and so the waste heat would be greater.
One can argﬁe that the energy 1is eventually regained by the sur-
rounding air. True, but it remains in the alir and conducts too
slowly to support the shock or contribute to prompt energy. At
any rate no claim is made for accuracy in estimating the waste heat
of the charge; it is probably an upper limit but only order-of-
magnitude correct, 82
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2.10 Printout and Diagnostiecs
Table 2-2 1s the printout for the list shown in Table 2-1.
The heading of the Table ought to verify if inputs and calculations
were as intended., As a check:
1. All the parameters shown just below the title, such as
ambient pressure, density, ete., should appear with the correct values
for the units shown. If not, the tabulated results will probabiy be

in error, however smooth the tabulated entries might appear.
dln Y
dln

2. In the leading line of the columnar results, siIn
Col; 5 s8hould be the input Nl = Q2-3 as intended in 270.

3. In the next to final line, "ESTIMATES AT INITIAL RADIUS":
g%ﬂ-% (Col. 4) should have the value Q1 intended in line 250. Also,
thg measured radius in Column 2 should be the radius X0 input at 210,
but converted to centimeters or meters.

Columns 1 and 2 of the printout retabulate the measured
input pressure-distance data, Column 1 1s the overpressure, eXpressed
as a dimensionless ratio to ambient; 1t is the normal "scaled" pres-
sure, Column 2 1s the distance, expressed 1In centimeters, meters,
or whatever instruction was given in line 330. As noted in the
heading (cm or m), the numbers in Column 2 usually mean centimeters for
chemical explosions or meters for nucleér explosions, However, many
other comblinatlons of dilstance units and yleld are primarilly expressed
as will be discussed in Section 4.4 and summarized in Table 4.4,

Column 3 tabulates the integrated prompt ensrgy Y(R)
remaining in the wave at each measuved distancs R. Y(R) is the

main result of DEB, If calculations were done to predict the

explosion, carrying them forward ags in real time, starting from

83



NOLTR 72-209
some Initial hydrodynamic yileld YO and initial radius Ro, then

Y{R) would be the energy remaining in the wave at distance R, still
avallable to drive the shock at further distances. Using DEB, this
energy has been evaluated by asking literally, "How much ensrgy was
in fact dissipated beyond distance R?".

At the end of the calculation, we find "ESTIMATES AT INITIAL
RADIUS" as discussed in Section 2.9, Under pressure in column 1 1is
the estimate for pressure Pi at the input charge radius RO and
number inputted should appear in Column 2,

The entry under Column 3 in this lines "ESTIMATES"--.330476
in Table 2,2--1s the single most dlagnostic result -of DEB: it 1is the
hydrodynamic yield which is estimated at the charge radius Ro.

The preceding number in Column 3--,32218 in Table 2,2--1is the firmest
number in DEB, being the energy Y(R) at the closest measured pressure,
Yo includes a theoretical estimate for the intervening distance.

Recall that the hydrodynamic yield YO is not the heat of
detonation, It is even more useful, It 1s the energy actually
released from the explosive to the surrounding medium, If we know
the heat of detonation, we would also have to know the loss of
energy due to waste heat in the charge,and this 1s a more uncertain
quantity. We circumvent this uncertainty by specifying Yo instead
of the heat of detonation.

This waste heat of the charge is estimated in fhe line
following "LOSS IN CHARGE OR RADIATIVE PHASE IS OF THE ORDER:" af
the end of the printout, The entry under Column 3--7.,42755 E-2
in Table 2.,2--1s the waste heat of the charge itself, not the

cunmulative total energy. The best estimate for the heat of detonation
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would be
estimate of Y .330476 megacal

loss in charge LOT4275
estimated total 405 megacal

This is still not the chemical energy in heat of detonation.,
Experience shows that Y _ includes a 20% to 25% contribution from
afterburning, which implies that the heat of detonation itself was
only 320 to 340 megacalories. By way of summary, here agaln is
the advantage of specifying the hydrodynamic yield Yo instead of
the heat of detonation: Yo does nat 1include the waste heat in the
charge, which never does appear in the medium, Yo does include the
afterburning, but only insofar as it supports the blast wave,
Column 4, g = d1ln Q/d1n Z of the printout can be used for
diagnostics by comparing them with the eigenvalues of 4,0 and 3.5 in
the strong and weak zones respectively. But before concluding that
the scatter 1s real, consider the possibility that the observed
scatter 1s due 1n part to calculating the slope from adJacent
points, A 7% measured error in pressure 1s about as small as we
reasonably expect from experience on field d7ta. When the pressure

is small, Q ~ P3

and the resulting error in Q is 20% or a factor 1.2.
If the ratio between distances is 1.5, which is relatively wide
spacing and one which therefore ought to give a relatively good
average slope, then 1nQ (measured) = 1nqQ (real) Y in (1.2) and we

have
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In Q1 ¥ 1n 1.2 - 1n Qo
q (measured) =

In 1.5

+ 1n 1.2

e d) - = ——
q (measured) - q (real) TRV

Aq = = 0,45

Thus, the scatter expected i1n g is about as much as the 0.5 difference
between strong and weak shock elgenvalues. On that basis, DASA 1559
1s high quality data because most of the points on Table 2-2 fall
within that scatter.

Even trends in data may not be significant because most "data"
are not really experimental numbers but are some smooth curve passed
through the data. Thus, the "French curve" error can show "trends" as
large as * 0.5 in q.

More discussion of diagnostiés 1s given in Chapter 4, after
the exposition of DSC., The dlagnostics of DEB and DSC go together:

a value of q larger (steeper slope) than its respective eigenvalues
in DEB will generally indicate a falling apparent yield Y in DSC; a
value of q smaller than its respective elgenvalue means a rising yield.
About two dozen reasons exist why q may rise, fall, or oscillate. Many
variations are due to the modes of energy transport listed in Table

l1-2.
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TABLE 2-1

LIST DEB506

PRINT"DIRECT EVALUATION OF BLAST ENERGYs UNIFIED THEGRY F@R BLAST"
REMe e« FOR QUESTIONS OR REFERENCES CALL F«B«PORZEL>301-495-8101
REMe« INPJT MEASURED DATAs ANY UNITS. SEE LINE 998

REM. o« INPUT PARANMETERS AND OPTIOGNS MADE IN LINES 141 TO 270
REMe s« IDENTIFY THE DATA AS IN LINE 110

PRINT

PRINT"DASA 1559 CONMPILATION FOR ONE POUND TNT'

REMess LINT 130 SETS YIELD Y=0 AT INFINITY (COL 3 9F PRINT 0UT)

LET Y=0

REMs« «DESCRIBE ATM@SPHERE: DEFINITIOGNS AND UNITS AS IN 180,190

LET D0=.00129

LET PO=1

LET K=1.4

PRINT"ANMBIENT PRESSURE ="P0O'"BARS ANMBIENT DENSITY ='"D0'"GM/CM1t3"
PRINT"ADIABATIC EXPONENT K="K3

RENM.DESCRIBE BONMB: X0=INITIAL OR CHARGE RADIUS, SAME UNITS AS DATA
REMeWwolMs H AS IN LINES 24052503 H MEANS KINETIC + HEAT ENERGY

LET X0=.1312335

LET M= [ 454

LET H=.25

PRINT'SPECIFIC ENERGIES, BOMB/VMEDIUM="H

PRINT "EXPLOSIVES AND SURROUNDS WEIGH"M"KILOGRANS, KILOTONS"

LET M= 1000%M/4.186/D0

REMe 01 GIVES @OPTION FOR DLNO/DLNZ BETWEEN CHARGE AN) CLOSEST DATA
LET 01 =3.5

REM..Q2 GIVES OPTION FOR SLOPE BEY@OND FARTHEST DATA

LET Q2=4

LET N=02-3

PRINT

PRINT"OVERPRESSURE'" " MEAS.RAD IUS" »""PROMPT ENERGY'" 5" DLN Q/DLN Z';
PRINT' DLN Y/DLNZ'

PRINT'™ (RATIO)" ' (CMeOR M), (MEGACALsKT)"
REMeoooososscsososossocsssscsesss DATA READ IN AND ROUTEDeoecosccescsccsosns
REM. + «CONVERT P TO RATIO: MEAS.Q'P/AMBIENTs SAME UNITSs LINE 320
REMe o s CONVERT DISTANCE TO CM OR METERS IN LINE 330

READ Ps» X

IF X>0 THEN 320

LET X=XO0

LET P=P/P0

LET R=30.48%X

LET Z=(Rt3 + H*M)t(1/3)

IF P=0 THEN 800
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400
410
420
430
440
450
460
470
480
490
499
500
510
520
530
550
560
570
580
591
592
700
702
705
707
708
710
720
725
730
799
800
810
820
830
840
998
1000
1010
1020
1030
1040
1050
1990
2000
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TABLE 2-1 (Cont'd)
LIST DEB506

REMesooscossssoossseeses CALCULATE WASTE HEAT eessesaccsasosaensssy
IF P>.02 THEN 440

LET Q=C(K+1)*%C((P/K)13)%(1-1.5%P)/12

GATY 500

IF P>11+.25 THEN 480

LET D=(P*(K+1)/(K=1)+2%K/(K=1))/(P+2%K/(K=1))

LET Q=C1+P)1C1/KX/D/(K=1)=1/CK-1)

GOTO 500

LET L= +43429448*%LOG(P)

LET 0= 10t ((22-L)Y%(L=-1)/16)

REMeoososcsasocsese INTEGRATION OF WASTE HEA[ cecsssoosocssscncsses
IF Y>0 THEN 550 '

LET Y=.3%0%(Zt3)/N

LET N1=N

GOTO® 700

LET N=LOG(Q/00)/LBG(Z0/Z) -3

LET Y1=+3*%0%(Z213)%(1-¢Z/Z0)tN)I/N

LET Y=Y+Y1

LET N1 =.3%0%(Z13)/Y

LET N= INTC100%N +.5)/100

LET N1= INT C(100%N1 +.5)/100

PRINT P> Rs» PO*Y/1000000,» N+3, NI

IF X>X0 THEN 710

PRINT "LOGSS IN CHARGE @R RADIATIVE PHASE IS OF THE ORDER:'
PRINTP, ' ",PO%Q*(Z13)/101t7, O"ASSUMED'

GOTO 2000

LET Q0=0

LET z0=Z

LET YO=Y

GO@TO 300

REMesooeosasssnsees e SUBROUTINES FOR ESTIMATING INITIAL PRESSURE e ees
LET 0=00%(Z0/Z)>101 .

LET L= «5%(23-SOR(2312 =4%(22 +16%.4343*%LOGCGR)Y)II)

LET P= EXP(2.303%L)

PRINT"ESTINMATES AT INITIAL RADIUS:"

GATB 550

REM. « « INPUT DATA IN PAIRS:0'PRESS, DISTANCE; LOWER PRESSHURES FIRST
DATA «02, 100> <05, 49, «1, 28

DATA 235 16 «35 13462 «55 10

DATA 1, 6.8 2, 50 3, 4.2

DATA 65 3+15» 105 255

DATA 205 1855 505 111> 100, 68
DATA 160, 45

DATA 0,0

END
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TABLE 2-2

DASA 1559 CONMPILATION FOR ONE POUND TNT
AMBIENT PRESSURE = 1|
ADIABATIC EXPANENT K=

EXPLOSIVES AND SURRAOUNDS

QUERPRISSUURE
(RATI10)

02

<05

o1

«23

«3

«5

1

2

3

6

10

20

50

100

160

ESTIMATES AT INITIAL RADIUS:

179.407

LASS IN CHARGE

179.407

MEAS.RADIUS
(CM.OR M)

3048.
149352
853« 44
487.68
414.528
304.8
207.264
1524
128016
96.012
T7724
56388
338328
207264
13716

4.

WEIGH <454

ANMBIENT DENSITY =
SPECIFIC ENERGIES,

PROMPT ENERGY
(MEGACALSKT)

4480479E-3
9.41375E=-3
150223k -2
2.42835E-2
2.83759E -2
3.88944E-2
389187E-2
B.39986K-2
« 103324
«141054
«17121
«215541

« 273077
«307334

« 32218

+330476

KILAOGRAWNS »

DLN

4

.3.79

3.59
4416
4437
4424
417
465

4.03
3.62
3.15
2095
284
3.63
6498

35

UNIFIED THEORY F@R BLAST

00129

GM/CM1T3

BOMB/NMEDIUM= «25

KILBTONS

Q/DLN Z

OR RADIATIVE PHASE IS QF THE ORDER:

T42T755E-2

87

0

ASS UMED

DLN Y/DLNZ

1
-9
<78
« 93
«99

1-06

1.1
1.22
118
1.03
87
«68
«51
.52
<68

<67




DO

Nl
PO

Q0

Q2

X0

Yl

z0
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Table 2-3
NOMENCLATURE FOR DEB506

current value of shock density, as a ratio to ambient
ambient density, input as gm/cm3
"dynamic specific energy", i.e., the average ratio of internal
and kinetic energy of explosive and bomb parts to an equal mass
of surrounding air, both at the same velocity and temperatures,
A good guess 1is 0,25, but results are not sensitive if .1l<H<].

(din (P+Po)/dln D)Q, adiabatic compressibility of medium

logloP

weight of bomb and surrounds in air initially, input as gm/cm3.
H.M

Line 251 transforms to M = 131-_1-7—]-)-5— , a constant

current value of dln Q/dln Z-3
dln Y/dln Z, current value
ambient pressure, bars

overpressure, input in any units, transformed to a ratio to
ambient in line 320 or thereabouts

waste heat, local value in ratio

waste heat, value at preceding data point in run

optional value for dln Q/dln Z between X0, and closest data
optional value for dln Q/dln Z beyond farthest data

shock radius, local value in cm

shock radius, input in any units, transformed to cm in meters in
line 330

charge or initial radius, same units as data
hydrodynamic yleld, current value

increment of waste heat, current value

mass effect transform of R, current value

mass effect transform of R, preceding value
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3. Hand Calculation for Prediction and Direct Scaling
3.1 Foreword

The QZQ method is simple enough for a hand-calculated pre-
diction of a pressure-distance curve and subsequent evaluation of data
by direct scaling. About three hours are so required, compared with a
second or so machine-time using the_BASIC program for DSC506. However,
several hours would also be required to write and debug a sultable
machine program. So, for a single set of data, without access to a
machine or to a stored program or tape, hand calculations may be
preferable and even faster.

For direct scaling, we will use.for 1llustration only a few

values from the composite curve of nuclear data reported in ARF D125:

Pressure (bars) Distance (meters)
10, 000 8.1
1,000 15.5
100 32.3
10 75.6
3 122.5
2 146.8
1 206.0
.5 301.0

The nucleaf composite data used here (ARF D125) for comparison
were compiled around 1958 and still represent the latest experimental
data because thls was near the end of nuclear testing in air, In
the fireball region, P > 70 bars, profuse and highly accurate data

were avallable from fireball measurements; these data were used to
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determine the hydrodynamic yield by the analytic solution method (LA
1664, WT 9001). Below 70 bars, much field data were available, al-

though of poorer quality than the fireball time-of-arrival measure-

ments. But here the shock wave behavior was already well described

by IBM Problem M (LA 1664), an early machine calculation done e¢irca

1946 at the Los Alamos Scientific Laboratory.

Of course, many other compilations could have been used, and
comparisons will be made in future studies with UTE. The ARF D125
data ﬁere used because the author knows they do represent raw data,
cover an exceptlonally broad range, were an authoritative compilation

related directly to hydrodynamic yield, and were unclassified.
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3.2 QZQ Method for Predicting Pressure Distance

The scheme for predicting the peak pressure-distance curve
1s 1llustrated in Figure 3-1.

For some arbitrary transition pressure Pc’ from strong to
weak shock, first calculate the corresponding waste heat Qc' For a
given yleld Y,, the elgenvalues q and A and the initial radius Ro,
we can then solve an implicit equation for transition radius Rc cor-
responding to the pressure Pc.

From theory, we expect that Q versus R 1s defined by two
straight lines as shown in Figure 3-1. At any pressure P, we can
calculate the corresponding waste heat Q(P). It follows that the
radius Z(P) 1s then given by

1/q
Q
Z(P) = 2, .(Q%PT) QzQ-1
The hydrodynamic yield Yo 1s thus defined by

Yoy f QszZ

Yo =
2 (o]
Z ®
J/'C 2 2
Yo = un[ 0z%dz + 0z dz]
2 7
0 . C

Then, assuming two branches, one for strong and another for weak shocks

as shown above with QZq = constant in each branch, the shock trajectory

is completely specified by fixing Zc from the results of this integration.
Writing constants A and B for strong and weak shock values

of qu = constant = chcq’

o1




A ®
c
Yo _ f 7°=9 4z + B / 22-9 gz

Yy Z Z

o c
Noting that q > 3, that AZ, -9 - Q, = Bzc-qz , and changing signs
- - 3-q
Yo _ A 7 3 9 -7 3 q1 + Bz 2
T §-q1 c o a,-
z q1-3
Yo =Q 7 3 c 1 + 1
Tm c’c Z; - q2-§
3

Finally, the total energy of the blast usling two branch model is given
by

3 q,-3
YoJ.L%_c_ Gyt - oo
T 2o "7 zo-

" where, 1n summary

Qc = waste heat at transition pressure

Z, = initial radius: at transition from radiative to
shock transport (= 4.2 meters for
1 kiloton)

as transition radius: strong shock to weak

Yo = hydrodynamic yileld at Zo

a; = 3.5

q2 = 4.0

These values qq and 95 apply for ideal explosions and for most real

explosions, but may be varled for non-ideal explosions.
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3.3 Caleculating Waste Heat

The work 1s greatly facllitated 1f a table of waste heat Q
versus pressure P i1s avallable (see Appendix QVP). This is the only
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